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Abstract
Composite materials have been developed for use in supercapacitors utilising both 
electrochemical double-layer capacitance and pseudocapacitance in the same 
electrode. These combined a high surface area carbon with a conducting polymer 
(which produces a large specific capacitance), resulting in a device which produces 
both a high power and energy density with increased stability of the specific 
capacitance. A variety of carbon materials were chosen for this research including 
multiwalled carbon nanotubes (MWNT), vapour grown carbon fibres (VGCF) and Super 
P (Li), each with unique properties and morphologies. The carbons were combined with 
a polyoxometalate and conducting polymer to fabricate a polypyrrole (PPy) impregnated 
composite material or a caesium-anchored polyoxometalate fabricating a dispersed 
polyoxometalate carbon composite. The polymer was chosen for its conductive 
properties and cost compared to conductive metal oxides. The polyoxometalate acted 
as a dopant, increasing the conducting properties of the polymer matrix. The dispersed 
polyoxometalate composite material used caesium to anchor the polyoxometalate, 
making that insoluble.
The electrodes were characterised using electron microscopy, inductively coupled 
plasma-mass spectroscopy and CHN analysis. The PPy composite created a coating 
over the carbon tubes/fibres/powder, while the dispersed polyoxometalate formed 
particulates which were seen either attached to the carbon or as a physical mixture. 
Elemental analysis showed that the carbons each interacted with the POM differently, in 
some cases barely interacting chemically at all. Electrochemical testing was used to 
study the performance of the electrodes when placed in test cells simulating a 
supercapacitor. Cyclic voltammetry, galvanostatic cycling and electrochemical 
impedance spectroscopy were used to study the electrodes. The dispersed electrodes 
continually showed the highest specific capacitances during testing (~ 78 F/g for both 
MWNTs and Super P Li at 10 A/g), with the composites containing MWNTs providing 
the best results (impregnated -  40 F/g and dispersed -  80 F/g at 10 A/g). The results 
produced using Super P (Li) were only slightly lower relative to MWNTs, indicating 
these materials are strong contenders for composite electrodes in supercapacitors at a 
fraction of the cost of those incorporating MWNTs.
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Chapter 1. Introduction
Currently there is much debate within the scientific community on the demand, supply 
and storage of energy. By 2030 there is expected to be an increase of 57% in the 
demand for electrical energy, with usage being divided between homes, industry and 
transport^^'^l At present 80 to 85% of the world’s energy demand is sustained by fossil 
fuels which are harmful to the environment, causing global warming and ozone layer 
depletion^^'^l In developed countries nuclear power can aid the production of electricity, 
currently producing approximately 7% of the world’s energy^^'^l This technology may 
not produce as much air pollution as fossil fuels, but there is the danger associated with 
processing, transporting and storage of radioactive nuclear waste. Cleaner and safer 
power generation is an important aspect for the future of energy production, with targets 
set to reduce green house gases to 80% by 2050, relative to 1990 levels^l
Renewable energy sources (RES) show large potential for future use in the generation 
of electricity^^’ RES include solar, wind, geothermal, ocean (thermal and tidal); 
however these are all season, weather and climate dependent making them variable 
and fluctuating resources^®’ Due to the nature of these technologies they are readily 
available worldwide, do not have as many detrimental affects to the environment and 
can be beneficial to the economy^®l Currently, RES are supplying approximately 14% 
of the energy demand world-wide, with the intention to increase the supply to 30% by 
2020[7. i i ]
The disadvantage RES is that they create an intermittent source of energy, therefore 
making storage of energy a crucial factor in supplying continuous electricity to 
consumers, this is especially important in regions that are not connected to the 
distribution network.^^’ At present only 2.6% of the total electrical energy produced 
is actually stored^^l
1.1. Energy Storage
Energy can be stored in different forms: chemical, kinetic, potential or thermal^^ '^^^ l^ 
Reversible thermochemical reactions, and the latent heat capacity of materials account 
for the methods used in thermal energy storage^^l This leaves chemical, kinetic and 
potential methods to convert electrical energy and store it.
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1.1.1. Electrical Energy Storage
Electrical energy storage (EES) refers to the process of converting electrical energy 
from a power network into a form that can be stored. The stored energy can then be 
converted back into useful electrical energy at a later date as and when it is needed^^^l 
EES would reduce the need for the conventional generating plants and would be kept in 
reserve for times when the renewables were unavailable (often due to changes in the 
climate or weather patterns)^^'^l EES technologies can also be used for energy 
management, providing three primary functions: bridging power, power quality and 
reliability^^^l
EES focuses on three principal technologies: (1) electrochemical systems (battery and 
supercapacitor/ultracapacitor storage technology), (2) kinetic energy storage systems 
(flywheel storage technology), and (3) potential energy storage (hydrogen, pneumatic 
and pumped water storage technology)^^’ Currently EES technologies are 
predominantly used in electrical power systems to even out imbalances between supply 
and demand^^^ l^ The different storage systems vary in the amount of deliverable power 
and energy that can be provided, as in Figure 1-1.
EES technologies have a variety of attributes making each suitable for different 
applications. The technologies vary between dispensing the energy over a short 
duration (supercapacitors) and those that discharge over a longer period of time 
(batteries)^^^l The ideal technology for a particular application depends on a number of 
factors:
o the amount of energy or power that needs to be stored; 
o the time over which stored energy is required to be retained or to be released; 
o environmental constraints; 
o  costs and
o the exact location where energy storage is required^^l
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Figure 1-1 : Comparison of specific power and energy storage potentiai 
of each storage technoiogy.
Of the potentially available EES technologies, this research study focuses on capacitors 
which dispense their available energy over a short period of time. Capacitors are 
electrochemical systems which store energy in an electrostatic field rather than the 
electro-chemical processes inherent to a battery Supercapacitors (also known as 
ultracapacitors) offer a very high capacitance (farads, F), producing a higher output 
compared to conventional capacitors (micro-farads, pF)^^ "^'®l
1.2. Historical Background
In 1746 Kleist and Musschenbroek simultaneously developed the Leyden jar, also 
known as a condenseK^®l This led to the principles of charge separation and charge 
storage on the two surfaces of the Leyden jar^^^l The original Leyden jar consisted of a 
glass vial containing an aqueous acidic electrolyte as the conductor. This was in 
contact with the immersed electrode. A foil coating covered the outside of the glass vial 
which provided a dielectric material. Modern Leyden jars consist of glass plates with 
metal foil on each surface (Figure 1-2).
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Figure 1-2: Leyden jar.
In 1897 Thomson identified and characterised the fundamental entity of electric charge 
as the “electron” which is present in all atoms. In the late 1800’s Millikan’s research 
was based around measuring the charge of the electron. He focused on eliminating 
sources of error in methods developed by Thomson (1897), Townsend (1903) and 
Wilson (1903)[^^l In 1881 von Helmholtz reached the conclusion that Faraday’s laws 
referred to a fundamental unit of charge, which was something that Faraday had been 
unable to deduce himself. This research paved the way for the development of the 
quantitative and more fundamental science of electrochemistry.
The first patent proposal (Becker) for a device to store electrochemically produced 
electrical energy came around 1957^ ^®' The patent described electrical energy 
storage by means of charge held in the interfacial double layer at a porous carbon 
material perfused with an aqueous electrolyte^^^l This device was known as an 
electrolytic capacitor.
Between 1976 and 1981, Conway used base metals and solid oxides (e.g. RUO2) to 
form the basis of a new electrochemical capacitor^^^l The base metal systems worked 
by the electrochemical adsorption of hydrogen at mono-layer levels. The movement of 
faradaic charge was not considered to be a pure capacitance, as it involved the
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penetration of charge into the electrode and not just storage of energy on the surface^^^l 
The term ‘pseudo-capacitance’ was therefore given to the “false” capacitance shown by 
some electrode materials. It was Craig who referred to the power and high energy 
storage capabilities of the electrochemical double-layer capacitor and pseudo­
capacitors as that of supercapacitors, he-17,24-26]
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Figure 1-3: Taxonomy of Supercapacitors.
The different types of supercapacitors can be divided into three categories 
(Electrochemical double-layer capacitors, Pseudocapacitors and Hybrid capacitors) as 
shown in Figure 1-3. These different types of supercapacitor use different mechanisms 
for storing the energy, respectively these are non-faradaic, faradaic and a combination 
of both. Non-faradaic processes do not involve chemical reactions, and are based on 
positive and negative charges that are distributed on two interfaces Faradaic
processes are associated with oxidation-reduction reactions involving the transfer of 
charge between an electrode and electrolyte 30]
Chapter 1. Introduction
The first attempts to commercialise electrochemical supercapacitors were made in 1969 
by SOHIO, which later became part of British Petroleum^^°l It was not until the 1990’s 
that these devices became prominent, with hybrid electric vehicles. In 1989 the US 
Department of Energy initiated the supercapacitor development programme, setting 
goals (both long and short term) for future development. Many companies now invest 
in the development of electrochemical capacitors: e.g. Maxwell Technologies, EPOOS, 
NEC, Panasonic, ELNA and TOKIN^^°l In 1999 the global market for supercapacitors 
was approximately US$ 115 million^^^l
1.3. Capacitors and Capacitance: The Theory
Capacitance is described as “the property of a system that comprises of conductors and 
separators which allows them to store electrical static charge when a potential 
difference exists between the conductors"^^^l The conductors are connected to a power 
source creating a circuit. When the circuit switch is closed the current flows from one 
electrode to the other causing charge separation to occur at the liquid-solid interface^^°l 
This creates two capacitors which are in series and are connected by the electrolyte. 
The voltage persists after the switch is opened, and the energy is stored. In a double 
layer capacitor solvated ions in the electrolyte are attracted to the electrode surface by 
an equal but opposite charge in the electrode. These two parallel regions of charge 
form the source of the term “double layer.”
The capacitance of a non-spherical body is defined as the ratio between the charge (Q) 
in coulombs on the conductor and the potential difference (V) in volts, this is shown in 
equation (1-1 ). The unit of capacitance (C) is farads (F).
C =  ^  (1 -1 )
V
When two conductors influence each other, charge is moved from one conductor to the 
other creating a positive and a negative charge (Q and -Q). Electric field lines run 
between the two conductors representing the vector nature of an electric field. The 
lines extend between infinity and the source. They are directed away from the
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positively charged source, towards the negatively charged source. These electric field 
lines establish a potential difference {AV = K  -  The greater the charge
transferred between the conductors the stronger the electric field created. This creates 
a larger potential difference between the two conductors. The arrangement of these 
two conductors is called a capacitor and the capacitance for this type of electrode 
arrangement is defined by equation ( 1-2 ).
^  ( V . - V )
The charged capacitor stores the electrical energy it has received until needed by a 
component in the circuit. The current then flows discharging the capacitor producing 
another form of energy. The energy {E) stored by the capacitor is measured in joules 
(J) and is defined by equations ( 1-3 ) and ( 1-4 ).
^=\oy ( 1-3 )
£  = (1-4)
The power (P) in watts of a capacitor is the rate at which the energy is converted from 
one form (stored energy) into another (electrical energy). The power of an electrical 
item through which a current (/) in amperes flows when there is a voltage (V) in volts is 
given by ( 1-5 ).
P = VI (1-5)
The power of a capacitor can be affected by internal components of the capacitor 
(current collectors and electrodes) which contribute to the resistance in the system. 
The combined resistances in the capacitor are known as the equivalent series 
resistance (ESR). The maximum power (P„,^) is therefore defined as equation ( 1-6 ).
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Using the above equation ( 1-4 ) a comparison can made between conventional 
capacitors (pF) and supercapacitors (F). An increase in the capacitance and energy 
can be seen with an increase in surface area and a decrease in the distance between 
the plates. When supercapacitors are compared to batteries it is notable that a battery 
stores more energy but delivers it slowly, therefore having a high energy density and a 
low power density. Capacitors store a lot less energy but they can be discharged 
rapidly producing a low energy density and a large power densit/^°l A supercapacitor 
therefore has several differences relative to batteries, conventional capacitors and fuel 
cells, these advantages include high power density, short charging times and a long 
cycle life and shelf life (Figure 1-1).
1.4. Applications of Supercapacitors
Supercapacitors have become an important tool for short-term energy storage in power 
electronics; this is due to developments in basic technology, materials and 
manufacturabilit/^'^l There is a growing demand for EES systems which can be used in 
portable systems and electric vehicles, requiring high power in short term pulses^^^l 
This has prompted a great interest in electrochemical capacitors and their application. 
When designing a supercapacitor one of the most important features to consider is the 
choice of electrode materials. This can affect whether you are producing a 
supercapacitor (F) or a conventional capacitor (pF). The following are ideal 
requirements for electrodes in a supercapacitor:
o capability for multiple cycling , cycle life > 10^ times;
o long term stability, related to the cycle life;
o  resistance to electrochemical reduction or oxidation of the electrode surface; .
o high specific surface area, (of the order of 1000-2000 m^/g for carbons);
o  maximum operating potential range of cycling, within the decomposition limit of
the solution;
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o optimised pore size distribution for maximum specific area, but minimised 
internal electrolyte resistance; 
o  good wet ability and
o minimised ohmic resistance of the actual electrode material and contacts^^^l 
Table 1-1 : Applications and current uses of supercapacitors^^ l^
Broad Application Typical specific application Performance
requirements
Memory back-up Consumer electrics 
Computers 
T elecommunications
Low power 
Low voltage
Electrical Load levelling Defibrillators High power 
High voltage
Space Power beaming High power 
High voltage 
Reliability
Military Electric guns 
Electric subsystems
Medium/high power 
High voltage 
Reliability
Automotive subsystems Catalyst preheat 
Regenerative braking 
Cold-starting assistance
Medium/high power 
High voltage
Industrial Factory automation 
Robotics
Medium/high power 
Medium voltage
The first supercapacitors to appear on the market were Gold capacitors 
(Panasonic/Mitsushita), Supercap (NEC/Tokin), Dynacap (ELNA) and Polyacene 
Capacitor/Battery (Seiko lnstruments)^^°l Since the development of these first 
commercial capacitors much research has been completed and capacitance values 
have increased. Panasonic now produce capacitor devices with a capacitance of up to 
1500 F, and Maxwell capacitors have values between 8 and 2700 F. Several hundred 
million electrochemical capacitors are manufactured and shipped per year^^°l The 
different applications for supercapacitors are summarised in Table 1-1.
10
Chapter 1. Introduction
1.5. Taxonomy of Supercapacitors
As discussed in Section 1.2 there are different types of supercapacitors (electrochemical 
double-layer capacitors, pseudocapacitors and hybrid capacitors). Each type of 
supercapacitor uses different mechanisms for storing energy. These mechanisms are 
discussed in Sections 1.5.1, 1.5.2 and 1.5.3.
1.5.1. Electrochemical Double-layer Capacitors
Electrochemical double layer capacitors (EDLC) store energy by electro-statically 
charging the electrode/electrolyte interface using a non-faradaic mechanism 
The ions which are displaced when the double-layer is formed are transferred between 
the electrodes by diffusion through the electrolyte (Figure 1-4). This causes the charge 
and discharge of the double layer capacitor. A capacitor of this type can complete up to 
10® cycles. This process does not involve any chemical bonds being made or broken 
as there is no charge transfer between the electrolyte and electrode^^^’
9
9
Charge
Discharge
Q
e
Of#"
Figure 1-4: Schematic of a charged electric double-layer capacitor with ions penetrating
porous carbon'^^L
The solution side of the double-layer can be described as being made up of several 
layers (Figure 1-5). The layer that is closest to the electrode material is referred to as 
the inner layer and contains free ions which move in the electrolyte due to electrostatic 
attractions. This layer can be referred to as the Helmholtz layeH^®' The inner
11
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Helmholtz plane (IHP) is the arrangement of the electrical centres of the specifically 
absorbed ions, whereas the outer Helmholtz plane (OHP) is the nearest solvated ions 
to the electrode. The diffuse layer extends beyond the OHP into the bulk of the solution 
and was independently proposed by both Goüy and Chapman^® '^ The total excess 
charge density (a®) can be calculated for the solution side of an EDLC using equation 
( 1-7 ). It is calculated using the total charge density from specifically adsorbed ions (o') 
and the excess charge density in the diffuse layer (o^ )^®^ l
IHP OHP Diffuse layer
© /  Specifically adsorbed anion
Solvated cation
^  À  O  Solvent molecule
0"
W ----------------------
O'
Figure 1-5: The double-layer region under conditions where anions are specifically
modified.
o = o '  +a (1-7)
The capacitance of EDLCs is dependent on the characteristics of the electrode material 
(surface area, pore size and pore distribution)^^°l As the surface area of the electrode 
is increased, and the distance between the electrodes is decreased, a higher energy 
density can be achieved than for a conventional capacitor^^^l Electrode materials that 
have a high surface area and also a high conductivity include: activated carbons, 
activated glassy carbon electrodes, carbon aerogels, carbon nanotubes, and carbon 
felts^ ^®' EDLCs are operated in a “symmetrical” mode, where the two electrodes are 
made of the same material.
12
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Many of the carbon-based materials that are used for EDLCs have surface oxygen 
groups (for example carboxyl, carboxylic, phenolic, lactone, aldehyde and ether 
functional groups). These can change the properties of the supercapacitor, firstly by 
enhancing the hydrophilicity of the carbon in aqueous electrolytes, and secondly by 
introducing redox processes which contribute towards a pseudocapacitance (refer to 
chapter 1.5.2)^^®’^°l
The energy (E) stored by the double-layer capacitor and power (P) can be defined using 
equations ( 1-8 )and ( 1-9 ). The amount of charge that can be stored in the electrolyte 
double layer is typically in the order of 15 to 40 pF/cm^^^®'
E = \ c f y ^ - V j )  ( 1-8 )
f  =  (1-9)
1.5.2. Pseudocapacitors
Pseudocapacitors store energy by transferring charge (oxidation-reduction reactions) 
between the electrode and electrolyte involving a faradaic reaction (Figure 1-6)^^ ’^ 
The charge transferred in these reactions is voltage-dependent, resulting in pseudo- 
capacitance^^^l
There are three types of electrochemical processes that could occur during the faradaic 
reaction:
o surface adsorption of ions from the electrolyte; 
o redox reactions involving ions from the electrolyte and
o the doping and un-doping of active conducting polymer material in the 
electrode^®®'
13
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The first two processes are both surface mechanisms, and are highly dependent on the 
surface area of the electrode. The third process involves the bulk of the material and 
the specific capacitance is therefore not as dependent on the surface area. For 
pseudocapacitance a high surface area is required, with a large contact area between 
the electrode and electrolyte to distribute the ions at the surface of the electrode and in 
any pores that are present, particularly for metal oxides.
\  e
ChargeDischarge
Figure 1-6: The charge/discharge process in a pseudocapacitor 
(current collector - grey, electrode - black lines).
1.5.2.1 Metal Oxides
Ruthenium dioxide is a metal oxide used to produce high pseudocapacitance and has 
been widely studied. It provides an almost constant capacitance (within 5%) over the 
full operating voltage range^^®l Ruthenium oxide has a cycle life over 10® cycles, and 
the redox reactions are highly reversible^^®’ It has a high specific capacitance, 
reaching up to 720 F/g[^®l Some other metal oxides ( C 0 3 O 4 ,  NiO and Mn02) have 
exhibited similar behaviour, but over smaller operating voltage ranges. For example 
C 0 3 O 4  and C o O x  show promising properties (obtaining a capacitance of 291 F/g) but the 
operating window is only 0.7 V for the charge-discharge of the material^^^l For 
commercialization, some metal oxides have the disadvantage of having high costs and 
poor abundance which prevents them being used on a large scale^^^’ Some metal
14
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oxides are more sustainable such as manganese and iron, however these would have 
the same disadvantages.
1.5.2.2 Conducting Polymers
Another type of material that exhibits pseudocapacitance is the family of conducting 
polymers (for example polyaniline or derivatives of polythiophene). There first use in 
supercapacitors occurred during the tSSOs '^^ l^ Conducting polymers are organic 
polymers that possess some of the electrical and optical properties of a metal. These 
materials are cheaper than ruthenium dioxide, but show a lower stability, giving a lower 
number of cycles (only thousands) over a wide voltage range^^®l
0
0.
$
Figure 1-7: Illustration of pseudocapacitance in a conducting polymer.
Figure 1-7 illustrates how pseudocapacitance arises in a conducting polymer. When 
the conducting polymer is charged it loses electrons creating polycations. This causes 
the anions in the solution (in this case Cl ) to intercalate into the conducting polymer in 
order to maintain electro-neutralit/^®l Conducting polymers have shown specific 
capacitances of up to 800 F/g.
Unfortunately disadvantages have been identified when using conducting polymers for 
electrodes in supercapacitors. Conducting polymers have not shown the same long­
term life stability and cycle characteristics as metal oxides. This limits the
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commercialization of supercapacitors using these materials, until new developments 
can be made to improve their capabilities^'^^l
1.5.3. Hybrid Capacitors
A hybrid supercapacitor can consist of three different formations: (1) Battery-type 
hybrids, (2) Composite hybrids or (3) Asymmetric hybrids as seen in Figure 1-3. The 
battery-type hybrid is based on a system that combines an electrochemical 
supercapacitor device with a fuel-cell or a faradaically rechargeable battery system^^^l 
This type of capacitor system has been used in electric vehicles.
Composite hybrid supercapacitors utilise both EDLC and pseudocapacitance in one 
electrode. A pseudocapacitor is limited due to its poor cycling stability caused by the 
transfer of charge (faradaic processes) during cycling. By combining a high surface 
area carbon with a large specific capacitance (metal oxide or polymer), the result would 
be high power and energy density and an increased stability. The faradaic capacitance 
of the polymer or metal oxide would be utilized along with the double-layer capacitance 
of the carbon^'^^l
An asymmetric hybrid capacitor differs from a composite in that one electrode utilizes a 
primarily pseudocapacitance electrode while the other utilizes a primarily EDLC 
electrode, therefore employing different mechanisms of energy storage at each 
electrode^^®' "*^ 1 In an asymmetric capacitor one electrode has a larger capacitance than 
the other electrode^^°l Thus the overall capacitance is approximately the absolute 
capacitance of the smaller capacitance electrode, unless an effort is made to balance 
the capacitance of the electrodes. The total capacitance (Ct) of the electrochemical 
capacitor ( 1-10 ) is the inverse sum of the absolute capacitances (Q  and C2) of its 
component electrodes.
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An asymmetric supercapacitor offers energy density advantages for several reasons:
o  The device capacitance is almost equal to the capacitance of the electrode with 
the smallest capacitance ( 1-10 ). This is due to the second electrode 
comprising of a material that has a much higher specific capacitance, 
o Due to the second electrode material having such a high capacitance, its mass 
and volume can be much smaller than the other electrode. This further 
increases the energy density of the capacitor, 
o An asymmetric supercapacitor with an aqueous electrolyte can reliably operate 
at voltages above 1.22 V without gas evolution. Known asymmetric capacitors 
can operate at 1.7 to 1.8 V which almost double that of commercially available 
symmetric aqueous supercapacitors. This high voltage provides a four-fold 
increase in energy density^^®l
The above factors increase the energy density of an asymmetric supercapacitor to eight 
or more times that of a symmetric supercapacitor^^^l An asymmetric supercapacitor 
does not just offer higher energy densities, it also offers practical advantages. The 
costs are reduced as one of the electrodes is compromised of carbon. The voltage 
balance in a series-string of asymmetric cells is less problematic than for symmetric 
cells. This is because of the relatively constant voltage resulting from the high capacity 
electrodes. This type of cell set-up has many advantages which could greatly benefit 
the development of future electrodes.
1.6. Design of the Supercapacitor
As discussed in Section 1.5, the materials used in a supercapacitor vary greatly 
depending upon the type of supercapacitor that is created. This project involves the 
development of hybrid asymmetric capacitors where one electrode is made of a carbon, 
and the second electrode based upon materials producing pseudocapacitance. This 
second electrode must use a material that is more economically viable than ruthenium 
oxides. In this case the chosen material was a conducting polymer, with the use of a 
Keggin ion (a cluster of oxide ions that form a complex local framework) as the oxidant.
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1.6.1. The Use of Conducting Polymers in Supercapacitors
In 2000 Shirakawa, Heeger and MacDiarmid won the Nobel Prize in Chemistry for their 
research into the field of conductive polymers. Though their materials were new, the 
first work discussing them was published in 1862 by Letheby^^^l McGuiness developed 
a voltage-controlled organic-polymer switch using aniline black, a product of the 
oxidation of aniline. The electronic properties of this conducting polymer were not 
established until later years by those awarded the Nobel Prize for Chemistry^^^'^^l 
When looking at conducting polymers there are a variety of types to consider as shown 
in Table 1-2.
Table 1-2: Types of conducting polymers*® ’^
Type of Conducting Polymer Electronic Properties
Conducting polymer composites A mixture containing a non-conductive polymer 
and a conducting material (metal or carbon 
powder).
Redox polymers A polymer containing localised redox sites, they 
transport electrons by hopping or self-exchange 
between donor and acceptor sites.
Ionic conducting polymers These exhibit ionic conductivity, where the 
current is carried through the movement of ions.
Intrinsically conducting polymers Organic polymers that possess the electrical 
and optical properties of a metal.
Intrinsically conducting polymers (ICP) were first reported as being used in 
supercapacitors by Rudge et al. during the mid 1990’s due to their mechanical 
properties and processability^®^'^®l These polymers are known as either insulators or 
semi-conductors and have conductivities in the order of 10"^°to10“® S/cm^^^l Doping 
increases the conductivity of these polymers by several orders of magnitude (up to 
500 S/cm)[^l
Doping of the polymer involves the introduction of an electron donor or acceptor which 
reduces or oxidizes the backbone of the polymer^^^’ If oxidation occurs electrons
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are removed and a positively charged polymer is produced (p-doping). If reduction 
occurs the backbone of the polymer becomes negatively charged creating a negatively 
charged polymer (n-doping). The reaction can be induced either by chemical species 
or electrochemically where the polymer is formed on an electrode. These doped 
polymers possess electrical and optical properties which extend into the region of 
common metals^®°l
Table 1-3: Conductivities of Metals and Doped Polymers at 20°C
Material Conductivity (S/cm)
Copper 5.8x10' '
Gold 4.1 xIO^
Polyacetylene 10^-10^
Poly(sulphur nitride) 10^-10^
Poly(p-phenylene) 10^
Poly(p-phenylenevinylene) 10^
Polyaniline 10^-10^
Polypyrrole 10^-10^
Polythiophene 10^
The levels of conductivity observed are due to the relative populations of valence and 
conduction bands which represent the electronic structure of the polymer. The highest 
occupied electronics levels constitute the valance band. The lowest unoccupied 
electronic levels constitute the conduction band. If the band gap is narrow, at room 
temperature thermal excitation of the electrons from the valence band to the conduction 
band gives rise to conductivity (semi-conductor). If the band gap is wide, thermal 
excitation at room temperature is insufficient to excite electrons across the gap and the 
solid material is an insulator. In metallic conductors there is no band gap, which lends 
to their high conductivity (Figure 1-8).
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Figure 1-8: Energy bands in solids '^’^^
A semiconductor that has been doped with an element that has fewer valence electrons 
than the bulk of the material is called a p-type semiconductor. Its conductivity is related 
to the number of positive holes produced by the dopant. This is shown by the positive 
holes in the valence bond enabling electrons near the top of the band to conduct 
electricity (Figure 1-9).
Conduction
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Figure 1-9: n-type and p-type semiconductors showing negative charge carriers and
positive holes^ ^^ L
A semiconductor that has been doped with an element that has more valence electrons 
than the bulk material is called an n-type semiconductor. Energy levels are formed in 
the energy gap and are filled with electrons. The electrons that are present near the 
bottom of the conduction band are easily promoted into it, increasing the conduction.
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A p-type polymer can be used symmetrically, where when charged one electrode is in 
its p-doped state and the second is un-doped. Conductive polymers that can be used 
for a p-type electrode are: polyaniline, polypyrrole (PPy), and poly-3,4- 
ethyenedioxythiophene (PEDOT). The dopant level in the p-type conducting polymer is 
typically below 1 dopant per polymer unit (approximately 2 - 3  monomer units per 
polymer unit)^^^. An n-type electrode is not as well studied and the process is more 
complicated. Polythiophenes are one of the few types of conductive polymer used for 
n-type doping; this is because the injection of the negative charge takes place at very 
low negative potentials. This means it is still compatible with electrolytes and the 
polymer is still stable, but these low potentials require a dry and oxygen free 
atmosphere, with a highly purified electrolyte.
Hybrid supercapacitors can utilise conducting polymers for their first electrode and 
carbon for the second, or a hybrid supercapacitor could consist of an n/p configuration 
utilising both n-type and p-type electrode in one capacitor. When an n/p type capacitor 
is in its charge state the negative electrode is in its n-doped state and the positive 
electrode is in its p-doped state. When fully discharged both polymers are in an un­
doped state. These are promising materials for the future in terms of their specific 
energy and high power. Operating voltages of up to 3 V are predicted although this 
would mean the use of an organic electrolyte or ionic liquid to span this large potential 
range.
The conductivity of the intrinsically conducting polymers can be tuned by (1) chemical 
manipulation of the backbone, (2) nature of the dopant, (3) degree of doping and (4) 
blending with other polymers^^^l When using these polymers it is important to be aware 
of the potential disadvantages, these include poor stability over long periods of cycling 
due to swelling, shrinkage, cracks or breaking and the often relatively low power due to 
the slow diffusion of ions within the bulk of the electrode
Another way to enhance the properties of conductive polymers is to form a composite 
material. This involves combining the conductive polymer with a second material such 
as hydroxides, inorganic oxides and carbons. Composite materials have improved 
conductivity, cycle-ability, mechanical stability, specific capacitance and
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processability^^^l However improved cycle-life can still be limited by swelling and 
shrinkage. By including carbon nanotubes in the composite material room is allowed 
for swelling.
PPy is the most frequently used conductive polymer in commercial applications. This is 
due to the long-term stability of its conductivity, processability and mechanical 
properties. Khomenko reported that PPy is a promising material due to its excellent 
capacity for energy storage, easy synthesis, higher conductivity and lower costs 
compared to other conducting polymers^^^l Values in the range of 100 to 500 F/g have 
been reported when PPy was used as the conducting polymer^®^l
o -e- o
o -2H+
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Figure 1-10: The oxidative doping of pyrrole to form PPy in the presence 
of a counter ion which maintains neutrality.
The oxidative doping of PPy is shown in Figure 1-10. The removal of one electron from 
the ji-conjugated system of PPy results in the formation of a radical cation (known as a 
polaron). Upon further oxidation the subsequent loss of another electron can result in 
two possibilities: (1) the electron can come from a different segment of the polymer 
chain creating a second independent polaron or (2) the electron can come from a 
polaron level to create a bipolaron. The number of polarons spaced along the polymer 
chain limits the doping of the polymer^'^^l
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Though there are advantages, any disadvantages should also be discussed. For 
instance PPy can only be p-doped which restricts the range of voltages available in 
symmetrical capacitors and limits its use to the positive electrode^®^^ The greater 
density of PPy can also be a disadvantage; dense growth leads to limited access to 
interior sites of the polymer for dopant ions, which can reduce the specific capacitance 
of the electrode material especially for thicker coatings of PPy^^^l
PPy has been combined with carbon nanotubes (CNTs) to form a composite material 
which can be used as a positive electrode^^^' CNTs are electron acceptors
and PPy is an electron donor so a charge-transfer is formed. In the absence of a 
dopant the CNTs can be used as a dopant. The composite material made with the 
CNTs can increase the cycle-life as the adaption can be made to volume changes^^^l 
The combining of conducting polymers with polyoxometalates has also been 
reported^® ’^^^  ^ Polyoxometalates are said to improve the stability, charge propagation 
and energy-storage capabilities
Conducting polymers have been shown to exhibit high specific capacitances, while 
being able to deliver energy at a rapid rate. This is due to their electrical conductivity 
which on doping increases by several orders of magnitude. Though the cycle-life of 
conducting polymers is often poor this can be improved by creating a composite 
material with carbon materials.
1.6.2. Heteropolyanions
The first heteropolyacid was recorded in 1826 when a new inorganic material was 
formed from a mixture of acidified molybdates and phosphates, which gave the most 
widely studied heteropolyacid to date. Heteropolyacids are a sub-class of 
polyoxometalates (POM), a family of inorganic oxides containing metal-oxygen 
clusters^^®'^^l Potential applications using POMs include the field of material science, 
catalysis, biology and medicine^®'^®l The structure of the 12-heteropolymetallates is 
based on the Keggin ion, the first anion to be characterised by X-ray diffraction being 
12-tungstophosphate, the resultant structure being named after its discoverer, 
Keggin^®l
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Figure 1-11 : The Keggin ion structure containing 
one heteroatom creating the nucleus.
The Keggin ion shown in Figure 1-11 encapsulates a heteroatom (for example 
phosphorus or silicon) to create the nucleus. The nucleus is tetrahedrally co-ordinated 
with oxygen, which are part of the metal oxide clusters forming edge sharing triads. 
The triads are bridged together via corner sharing. The metal atoms are often tungsten 
or molybdenum^^®’ The Keggin ion is extensively used in catalysis due to its bi­
functional chemistry (acidic and redox)'^^’ In its solid form, the Keggin structure 
exhibits high proton conductivities.
In recent years research has been conducted into the use of heteropolyanions 
combined with conductive polymers for use in supercapacitors Heteropolyanions 
can act as a dopant increasing the conductive properties of the polymer. By anchoring 
the heteropolyacid within the network of conducting polymers, the inorganic clusters 
keep their integrity and activity while benefiting from the polymeric nature of the 
encapsulant^®®^
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1.6.3. Combination of a Conducting Polymer and a Heteropolyacid
By combining a conductive polymer with a heteropolyanion an electrochemical system 
is created. The electrochemical activity combines two types of redox processes, those 
associated with the backbone of the polymer and those connected with several possible 
redox states of the heteropolyacid^^'^l This new hybrid material shows enhanced energy 
storage capabilities with improved properties^®^^.
A variety of methods can be used to combine a polymer with a heteropolyacid to create 
the electrodes for use in a hybrid capacitor. These are:
o one step reactions -  the polymer is combined directly in a solution or on to a 
solid oxidant;
o  electrochemical growth -  this is completed on the surface of a support; 
o  vapour transport -  the polymer is transported onto the surface of an oxidant on 
a support;
o impregnation -  the support material is impregnated with either the monomer or 
the heteropolyacid, following a dipping step^^ ’^ ®^ l
H
I +  n[(PMOoQ«M ^
Figure 1-12: The synthesis of PPy doped with phosphomolybdio acid (PM012).
The reaction (Figure 1-12) that occurs involves the monomer reacting to form a polymer 
around the anion (heteropolyacid). This produces a structure with lower entropy 
compared to the un-doped polymer^^^. The heteropolyanions increase the 
homogeneous separation of charges on the polymer by the delocalisation of its own 
negative charge. The electronic delocalisation is therefore increased. The 
heteropolyanion aids in the transfer of charge between the polymer chains, which also 
aids towards an increase in the electronic conductivity.
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1.6.4. Carbons for Composite Electrodes
A wide range of carbons have currently been tested for EDLC applications including 
activated carbons (AC), carbon aerogels, graphites, CNT, carbon nanofibres (CNF) and 
nano-sized carbons These have been tried and tested due to their accessibility, 
easy processability, relatively low cost (in some cases), high chemical stability and wide 
temperature range A range of methods have been utilised to increase the
specific surface area (SSA) and pore size distribution, resulting in considerable 
improvement of energy, power and operation parameters^^^l
Zhang et al. has reported using composite materials which combine a conductive 
material such as activated carbon with a conductive polymer coating, thereby reducing 
the resistance of the material, and creating a hybrid inorganic-organic electrode utilising 
the properties of both the carbon and conductive polymer^® '^®°l These electrodes 
consist of a PPy/AC and PPy/CNF/AC electrodes producing specific capacitances of up 
to 580 F/g at 30 mV/s, using cyclic voltammetry^®°l Some of the carbon materials used 
to create composite materials are discussed below.
1.6.4.1 Carbon Nanotubes
CNTs were discovered in 1991 and are one-dimensional nano-structured materials 
They can be synthesised using various deposition methods such as arc discharge, 
laser ablation, pyrolysis of hydrocarbons and chemical vapour deposition (CVD)
The arc-discharge technique is completed using an electric arc generated between two 
graphite electrodes under a helium or argon atmosphere. This causes the graphite to 
vaporize and condense on the cathode. The deposit on the cathode contains the 
nanotubes, but also fullerenes, amorphous carbon materials and catalyst particles. 
Therefore further purification is needed to obtain pure CNTs^^^l Laser ablation uses the 
laser to ablate the graphite target in flowing argon at temperatures near 1200 'C. The 
graphite target contains a small amount of a metal catalyst (nickel, cobalt, iron, platinum 
or yttrium)^^^l
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There have been many studies into these materials due to their unique structure, 
chemical, electrical and mechanical properties. They show properties which can be 
used in a wide range of applications (catalyst supports in heterogeneous catalysis, 
electronic devices, field emitters, sensors, gas-storage media and molecular wires)^ '^ '^^®l 
Carbon nanotubes are visualised as graphene layers rolled into cylinders consisting of 
a planar hexagonal arrangement of carbon-carbon bonds (Figure 1-13). During growth 
(depending on the method of synthesis chosen) the carbon nanotubes can assemble 
either as individual cylinders (Figure 1-13, image A) known as single walled carbon 
nanotubes (SWNTs) and concentric tubes (Figure 1-13, images B and 0) creating 
either double walled carbon nanotubes (DWNTs) or multiwalled carbon nanotubes 
(MWNTs)^^®l The tubes generally have a diameter of 10 to 20 nm and are of length 0.5 
to 40
Figure 1-13: Structure of CNTs: (A) SWNT, (B) DWNT and (C)
Properties exhibited by MWNTs include: 
o high conductivity;
o large surface area of 1 to > 2000 m^/g as determined using Braunauer, Emmett 
and Teller (BET); 
o good corrosion resistance; 
o high temperature stability and 
o percolated pore structure^®®’
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MWNTs have been used in many supercapacitors for electrode materials, and have 
exhibited specific capacitances in the range of 4 to 135 Using MWNTs in
supercapacitors adds the advantage of the opened mesopores which are formed by the 
accessible interconnected network of nanotubes, creating a large surface area that is 
accessible to the electrolyte. Acid treatments have been used to oxidise the MWNTs to 
improve electron transfer kinetics^®®'® l^ After oxidation has occurred it was shown that a 
significant improvement in the specific capacitance occurred (33 to 335 F/g). The 
increase in capacitance was explained by the increase in hydrophilicity of the MWNTs 
in an aqueous e lec tro ly te^^Though  these materials have shown many advantages 
when used in supercapacitors the high cost of manufacturing can limit their use and has 
therefore proved to be a drawback for practical applications^®®^
1.6.4.2 Vapour Grown Carbon Nano Fibres
Compared to MWNTs, vapour grown carbon fibres (VGCF) have received less 
attention. VGCFs can be a good alternative carbon to use compared to MWNTs as 
they are more readily available, and are lower in cost than other carbon materials. 
MWNTs are 2 to 3 times more expensive than VGCFs with SWNT even more so^^° .^ 
Some of the most widely investigated VGCFs are Prograf® III nanofibres^^®^l VGCFs 
present a highly graphitic structure with a good tensile strength and a high electrical and 
thermal conductivity^®®' The fibres are submicrometric in size with a diameter of 50 
to 500 nm and a length of 50 to 100 pm^®®’ Unlike MWNTs they are reported to not 
have hollows centres, and the exteriors are made with many edges^®®l Due to these 
edges the presence of a wide pore size distribution is possible. The high electrical 
conductivity of the VGCFs makes them favourable to formulate conducting polymer 
composites^ ®^^ l
1.6.4.3 Activated Carbons
Activated carbons are the most widely used carbon in supercapacitors due to being 
extremely cheap compared to other carbon materials (E.g. MWNTs) ®^®’ ®®l They are 
derived from carbon rich organic precursors (charred coconut husk, wood pitch or coal)
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by carbonization in an inert atmosphere with subsequent selective oxidation in CO2, 
water vapour or KOH to increase the SSA and pore volume^®®' ®®’ The activated
carbon is made up of small hexagonal rings organised into graphene sheets. These 
sheets are produced using various processing methods results in activated carbons that 
can vary in pore size distributions and orientations. Braunauer, Emmett and Teller 
(BET) surface areas for activated carbons are 1000 to 3000 m®/g^ ®®l The porous 
network in the bulk of the material comprises of:
o  micropores (< 2nm in size); 
o  mesopores (2 -  50 nm) and 
o macropores (> 50 nm)
Activated carbons have been used in EDLC achieving a specific capacitance of 
between 100 to 120 F/g in an organic electrolyte and 150 to 300 F/g in aqueous 
electrolytes (but at lower cell voltages, limited by decomposition of water)^®®l Activated 
carbon fabrics have also been tested in supercapacitors reaching the same specific 
capacitances as the activated carbon powers. The fabrics have similar SSA but their 
higher price can limit their use in supercapacitor based applications^®®^
1.6.4.4 Carbon Blacks
Carbon blacks are materials produced by partial combustion or thermal decomposition 
of hydrocarbons in the gas phase creating spherical carbon particles of colloidal size. 
They are routinely used as conductive fillers. Their structure comprises of aggregates 
which are highly branched creating an open structure with high porosity. The particles 
are small in size with BET providing values of 10 to 1500 m®/g. The surface area of 
these carbons is considered to be more accessible than other forms of high surface 
area carbon. Ryu et al. reported using the highly conductive carbon black Super P as 
used as a conducting agent in a supercapacitor electrode^^°®l His results from this led 
him to create an electrode purely containing Super P (Super P 90%: binder 10%) a 
specific capacitance of 2 F/g in 1 mol/dm® Et4NBF4 in acetonitrile^^°®l Carbon blacks 
may not have a high specific capacitance, but combined with a conductive polymer their
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high surface area could create electrodes with a high specific capacitance that may be 
comparable to MWNTs.
1.7. Research Aims and Objectives
This research project followed set aims and objectives so that goals could be worked
towards and achieved throughout.
1.7.1. Aims
o To develop and optimise methods for fabricating composite materials using 
conducting polymers (polypyrrole), polyoxometalates (phosphomolybdio acid), 
and carbons (papers/cloths, MWNTs, VGCFs, and Super P (Li)) that can be 
used in supercapacitors, 
o  Development of electrodes for use in supercapacitors, from the fabricated 
composite materials.
o  Electrochemically test and characterise the composite electrodes using cyclic 
voltammetry, galvanostatic cycling and electrochemical impedance 
spectroscopy.
1.7.2. Objectives
o To create electrodes which are economically more viable e.g. not as expensive 
as ruthenium oxide electrode, 
o  To compare composite materials using optimised methods for electrode 
fabrication and then associated characterisation, 
o Produce high specific capacitances and stability while cycling, 
o Use a range of different carbon materials to create composite electrodes 
comparing the various materials.
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Chapter 2. Experimental Techniques
2.1. Introduction
This project looks at producing electrodes for supercapacitors using a range of novel 
composite materials. This chapter discusses in detail the characterisation techniques 
used to study composite materials for use in supercapacitors and the electrochemical 
methods used to determine their energy storage capabilities.
2.2. Elementai Analysis
Two methods were used to analyse the elemental composition of the electrode 
materials. CHN analysis can be used to analyse the ratio of carbon, nitrogen and 
hydrogen in solid electrode materials. Inductively coupled plasma-optical emission 
spectroscopy (ICP-OES) is also used for other elemental analysis. For this project ICP- 
OES was used to analyse the ratio of molybdenum to phosphorus in the 
polyoxometalate used to create the composite materials for electrodes in 
supercapacitors.
2.2.1. CHN Analysis
CHN Analysis is a form of elemental analysis concerned with the determination of only 
carbon (C), hydrogen (H) and nitrogen (N) in both organic and inorganic samples^^'^l 
This method involves the sample being fully combusted in pure oxygen under static 
conditions, so that the elemental composition can be fully analysed^®l
Helium is used to carry the combustion products through the analytical system to the 
atmosphere due to its chemical inertness. The resulting combustion products (carbon 
dioxide, water, nitrogen and nitrogen oxides) pass through specialised reagents to 
produce from the elemental carbon, hydrogen and nitrogen.
These reagents also remove all other interferences including halogens, sulphur, and 
phosphorus. In the reduction tube, oxides of nitrogen are converted to molecular
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nitrogen and residual oxygen is removed. The resulting gases are passed into a mixing 
chamber to ensure a homogeneous mixture is obtained at a constant temperature and 
pressure.
The mixture passes through a series of thermal conductivity detectors, each consisting 
of a pair of thermal conductivity cells. Between the first two cells there is a water trap, 
removing water from the sample. The differential signal read before and after the trap 
reflects the water concentration, therefore the amount of hydrogen in the sample. 
Between the second pair of cells there is a carbon dioxide trap which measures the 
concentration of carbon in the sample. The final pair of cells measures the 
concentration of nitrogen present by using the helium carrier as a reference. CHN 
analysis carried out during this project was completed using a CE440 Elemental 
Analyser produced by Exeter Analytical.
2.2.2. Inductively Coupled Plasma -  Optical Emission Spectroscopy
ICP-OES is an analytical technique used to sequentially analyse elemental solutions in 
parts per million (ppm). Solid samples are digested to place them in a solution ready 
for analysis.
ICP-OES uses an inductively heated plasma (8000 -  12,000 K) to excite the analyte 
atoms. This is done by inductively heating argon gas using an inductively coupled 
plasma (ICP) torcM'^l The discharge of a high voltage from a Telsa coil through flowing 
argon provides free electrons which will ignite the gas to plasma. If the conducting 
plasma is enclosed in a high frequency electromagnetic field, then it will accelerate the 
ions and electrons and cause collisions with the support gas, argon, and the analyte^®l 
The temperature rises to approximately 10,000 K and the plasma becomes self 
sustaining. The sample aerosol enters the plasma at a high speed, and is pushed 
through becoming heated. It exits containing the sample elements as atoms or ions 
free of molecular association. As they cool to around 6000-7000 K they decay back to 
their ground state by emitting electromagnetic radiation ( 2-1 ), where E is the energy of 
a photon, h represents Planck’s constant and v is the frequency of the light. This 
creates narrow emission lines in the region of 100-900 nm^®l
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E  = hx> (2-1 )
The emitted radiation is easily detected when in the ultraviolet region (185-400 nm), the 
visible region (400-700 nm) or the near infra red region (700-850 nm). Sequential 
detection is completed using a polychromator^®l The polychromator is an optical device 
that disperses the emitted radiation isolating the different parts of the spectrum.
The ICP-OES analysis completed throughout this project was conducted by MED AC 
Ltd, an analytical and chemical consultancy^^l The instrument used was a Varian Vista 
MPX ICP-OES system.
2.3. Electron Microscopy
Electron microscopy (EM) is a technique similar to an optical microscope, used for 
imaging and magnifying the surface of samples. A simple microscope is a magnifying 
glass consisting of a single biconvex lens made of glass or plastic. The object behind 
the lens appears to be larger than it actually is and the finer details of the object appear 
clearer. EM is similar in principle to an optical microscope with the exception that it 
uses electrons in an electromagnetic field rather than light to magnify the image. An
electron beam is produced by heating a tungsten filament, and focused by magnetic
fields in a high vacuum. The very short wavelength of the electrons allows resolution 
down to 0.1 nm^®l EM is used in the characterisation of solids and contains information 
about:
o surface topology; 
o composition; 
o particle size; 
o crystal morphology; 
o magnetic domains and 
o surface defects^®l
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2.3.1. Scanning Electron Microscopy
The earliest recognised work describing the concept of a scanning electron microscope 
(SEM) was written by Knoll (1935)^®l A 2-3 nm spot of electrons is scanned across the 
surface of the specimen to generate secondary electrons which are then detected by a 
sensor^^°l This image is built up over time as the entire sample is scanned. SEM 
shows large variations in the scales of the images produced ranging between nm and 
micrometre ^m.
The basic components of an SEM are:
o lens system; 
o electron gun; 
o electron collector and
o visual and photo-recording cathode ray tubes (CRTs).
The specimen is placed on the sample stage under a vacuum of ~ 1 x 10 ® mmHg. The 
vacuum prevents the tungsten filament from burning out and degradation of the image 
which could arise from the scattering of the electron beam by collisions with the gas 
molecules and reactions between gas molecules and the sample.
An electron beam is fired at the specimen. The electron beam (primary electrons) 
comes from a filament made up of a loop of tungsten functioning as the cathode. A 
voltage applied to the loop causes it to heat up and produce incident electrons. The 
anode (positive in respect to the filament) forms powerful attractive forces for electrons. 
This causes electrons to accelerate past the anode and on down the column as a 
beam, into the specimen.
The electron beam is focused using electromagnetic fields and lenses^^^l When the 
beam produced by the electron source hits the sample, both photon and electron 
signals are emitted.
40
Chapter 2. Experimental Techniques
The signals are in the form of:
o X-rays; 
o Auger electrons; 
o primary backscattered electrons, 
o cathodolumunescence and 
o secondary electrons.
Though all the signals are present in the SEM, not all of them are detected and used for 
information. The primary backscattered electrons and secondary electrons are 
primarily used in morphology studies.
Wehnaltcap
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Condenser 
(beam current)
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Figure 2-1 : Schematic of SEM instrument.
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The detection of secondary electrons (low energy, <50 eV) is the most common 
imaging mode. The secondary electrons are emitted from the first few nm on the 
surface of the sample. They are weakly bound electrons that are found in either the 
conduction or valence bands of an atom and are expelled from the sample if the 
electron beam causes a powerful repulsion as they pass through. The secondary 
electrons have less kinetic energy than the incident electrons and they therefore move 
more slowly. The electrons are detected by a secondary electron detector (SED) and 
the brightness of the signal depends on the number of secondary electrons reaching 
the detector.
Backscattered electrons (BSE) are an example of elastic scattering where no energy is 
lost when an electron enters the sample. The only change is the momentum vector. 
The electrons in the beam are attracted to the positively charged nucleus of an atom. 
The same electron is ejected with a curved trajectory, but unchanged velocity (Figure 
2-2). The amount of backscattering is dependent upon the atomic number, for instance 
an atom with a large atomic number has a higher chance of backscattering. The BSE 
detector is placed in the roof of the sample chamber. The results produce a 
composition map showing areas of the sample having different average atomic 
numbers as different shades of grey. BSE images are extremely useful when analysing 
multiphase samples.
Electron
Beam
BSE detector
Sample atom
Figure 2-2: Schematic representation of a backscattered eiectron passing into the
detector.
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Characteristic X-rays are another common imaging mode for SEM. An incident beam 
excites an electron in the inner shell of the sample atom (Figure 2-3). The excited 
electron is ejected from the shell creating an electron hole where the electron was. An 
electron from an outer higher energy shell fills the electron hole. The difference in 
energy between the higher and lower energy shells is released in the form of an X-ray 
photon.
An energy-dispersive X-ray spectrometer (EDXS) measures the number of X-rays and 
their energy. The X-rays are separated by a silicon-lithium detector, with each signal 
being collected, amplified and corrected for absorption. This gives both qualitative 
(determination of elements present) and quantitative (concentrations of elements on the 
surface of the sample) information for elements of atomic number greater than four. 
Windows in front of the detector can absorb low-energy X-rays therefore making it 
difficult to detect hydrogen, helium, lithium and beryllium. The data can be displayed as 
a plot of counts against energy. The position of the peaks identifies individual 
elements, and the magnitude of the counts is semi-quantitatively related to the 
concentration of elements in the sample.
Electron
Beam
I e-
Sample atom
Figure 2-3: Schematic representation of X-ray creation, (a) incoming high-energy electron, 
(b) inner shell photoelectron and (c) X-ray.
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There are limits when using EDXS to analyse the elemental composition that need to 
be considered:
Minimum mass fraction -  the minimum concentration of the element that can be 
detected when it exists combined with other elements present in the specimen.
Minimum detectable mass -  smallest amount of pure element that can be detected in 
the absence of any signal from other elements.
Light element analysis -  elements of atomic number less than five are not detected.
There were two different SEM instruments used throughout this project, a Hitachi S- 
3200N (magnification: 20x to 300, OOOx, resolution: 3.5 nm) and a Hitachi S-4000 
(magnification: 20x to 300, OOOx, resolution: 1.5 nm).
2.3.2. Scanning Transmission Electron Microscopy
STEM incorporates aspects of SEM and transmission electron microscopy (TEM) into 
one instrument. SEM has been discussed in section 2.3.1. TEM was the original form 
of electron microscope, with a beam of electrons passing through an ultra thin 
specimen. Depending on the density of the material present, some of the electrons are 
scattered and disappear from the beam. At the bottom of the microscope the un­
scattered electrons hit a fluorescent screen. This gives rise to a “shadow image” of the 
specimen. The different parts of the specimen are displayed in varied shades 
according to the density. This image can be studied by the operator or photographed 
with a camera. A disadvantage of this system is that the image from a TEM has no 
depth sensitivity^^^l
STEM rasters a focused incident beam across a specimen that has been thinned 
(similar to TEM). The intensity of the transmitted electron signal is measured using one 
or more electron detectors. An image is built up in serial (point by point) rather than in a 
parallel fashion as with TEM. The focusing of a STEM is similar to that of the SEM. 
This means focusing occurs before the electrons hit the specimen, rather than after as 
in TEM.
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Each of the different electron detectors in a STEM provides a different piece of 
information about the specimen. Secondary electron images (SE) are traditionally used 
to reveal information about the surface topography of the specimen^^^l The Z-contrast 
image (ZC) can also be called the atomic resolution image or the dark field image. The 
contrasts in the image are directly related the atomic number of the elements present. 
These images are formed by collecting the high-angle scattered electrons (40 -  100 
mRad at 200 kV) on an annular detector. The opposite image to ZC is the phase 
contrast image (TE) also known as the bright field image. These STEM images are the 
closest to the conventional TEM images^^^l The TE mode detects transmitted electrons 
that have undergone low angles of scatter.
Many STEMs are fitted with EDXS (discussed in section 2.3.1), as well as an electron 
energy-loss spectrometer (EELS). An interaction between an energetic incident 
electron and an atom leads to the ionization of the atom or the creation of an inner-shell 
vacancy in the electronic structure. The energy spectrum of the energetic electrons 
leaving the specimen carries a signature of electronic structure, and hence the 
chemistry of the sample. The detection and study of this spectrum is termed EELS.
The instrument used throughout this project was a Hitachi HD2300A STEM equipped 
with X-ray analysis (EDXS) and parallel EELS (low atomic number and chemical state) 
spectroscopy (magnification: 10,000,000x, resolution: 0.2nm).
2.4. Conductivity
The electrical conductivity ( a )  of a sample is studied to determine to what degree it 
conducts an electrical current. Electrical conductivity is measured in Siemens (S/cm). 
Electrical conductivity is the reciprocal of electrical resistivity (p / ohm m), measuring 
how strongly a material opposes the flow of the electric current. If the resistivity is low 
then the movement of electrical charge is readily allowed by the material.
1
a - -  (2 -2 )
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The Resistivity is determined using resistance {R) with reference to the cross-sectional 
area (A) and the length (I) of the material in question ( 2-3 ).
R = p {l/A )  (2-3)
This equation is re-arranged to make resistivity the subject and then again for the 
reciprocal (electrical conductivity) as shown in ( 2-4 ).
(2-4)
Using impedance data, the impedance can be calculated as a vector (|z|) (discussed 
further in chapter 2.5.3) using ( 2-5 ).
|Z| = V ( z j 7 ( ^  (2-5)
The two instruments used throughout this project were a Solartron, SI 1287 
electrochemical interface and a S11260 Impedance/gain-phase analyser.
2.5. Electrochemical Characterisation
Electrochemical techniques are used to study the chemical changes caused by the 
passage of an electric current, and the production of electrical energy by chemical 
reactions^^'^l Electrochemical methods can be employed as tools when studying 
electrochemical systems in the same way that spectroscopic methods can be used to 
study the absorption and emission of light. They can also be used to look at the 
electrochemical properties of the systems themselves as a primary interest. This can 
help in the design of power sources such as batteries and supercapacitors.
In electrochemical systems we are concerned with the processes and factors that affect 
the transport of charge across the interface between chemical phases, for example the 
electrode and electrolyte interface.
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2.5.1. Cyclic Voltammetry
Cyclic voltammetry (CV) is an established procedure for the characterisation of 
electrochemical processes at the phase boundary between an electrode and an 
electrolyte solution. The technique was first reported in 1938, being described 
theoretically by Randles^^^l Significant advances were made in the field of voltammetry 
between 1960 to 1980 in theory, methodology and instrumentation. The common 
characteristics which unite all voltammetric techniques involves the application of a 
potential (E) between two electrodes, while monitoring the resulting current (i) flowing 
through the electrochemical cell, over a period of time (t).
2.5.1.1. Theory of Cyclic Voltammetry
CV involves the electrode potential being swept cyclically at a constant scan rate 
(AE/At) between two limits. The input voltage applied to the system by a potentiostat 
has a “saw tooth” shape (Figure 2-4). The potential limits are usually defined by the 
decomposition of the electrolyte (electrolysis). For an aqueous solvent decomposition 
is the onset of hydrogen and oxygen evolution.
The electrochemical cell used for CV consists of three electrodes as discussed in Table 
2-1. This allows the study of one electrode as a half cell without complications from the 
electrochemistry of other electrodes. A plot of the actual electrode potential versus the 
reference electrode against the current yields a cyclic voltammogram (Figure 2-5).
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Figure 2-4: Potential-time behaviour at the working electrode following the imposition of a 
triangular wave-form typical of CV. SE = start potential, EE = end potential, to = starting
time, tf = final time and Ad = AE/At.
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Table 2-1 : The electrodes used in CV and the roles each electrode plays within the cell.
Role of Electrode 
The electrode that is of interest.
Electrode Type 
Working electrode (WE)
Reference electrode (RE) Maintains a fixed value of its potential 
relative to the solution phase (Oret -  0s) 
and so facilitates potentiometric 
measurements of another electrode 
system relative to the RE.
Counter electrode (CE) Receives current flowing from the W E so 
that negligible current flows through the 
RE. Large currents would damage the 
RE.
The electrodes in the cell are connected via a potentiostat giving an output to a XY 
recorder or computer. A voltage scan generator or ramp generator is joined internally 
or externally to the potentiostat, imposing the desired potential to scan between the WE 
and RE at a given sweep rate controlling the time scale of the experiment. A computer
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is interfaced with the potentiostat and the software sends parameters to the potentiostat 
and handles the output data.
Switching
point
'■'e° /
'pa /
Potential (V)
Figure 2-5: Shape of a cyclic voltammogram for a Nernstian electrochemical reaction 
( i p c  -  cathodic peak current, i p a  -  anodic peak current, E° -  reversible potential).
The applied potential from the potentiostat controls the concentration of the redox 
species at the electrode surface (Co° and C r°) and the rate of reaction (k°) as described 
by the Nernst or Butler-Volmer equations, discussed below
The Nernst equation describes the fundamental relationship between the potential 
applied to an electrode and the concentration of the redox species at the electrode 
surface. In solution species O is capable of being reduced to R at the electrode by the 
following electrochemical reaction (Figure 2-6).
O + ne -  R 
Figure 2-6: Reversible electrochemical reaction.
The Nernst equation ( 2-6 ) allows the calculation of relative activities of the species in a 
redox reaction as a function of the measured electrode potential (V) and the standard 
reduction potential (V )^ for the half reaction. The relative activities of the species refer 
to the amount of a redox species that is involved in a reaction. The Nernst equation 
takes the form seen in ( 2-6 ) where R is the gas constant (8.314 J/K mol), T is
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temperature in K, n is the stoichiometric number of electrons involved in the process 
and F  is the Faraday constant (96 485 C/mol).
RT
The Nernst equation relates the potential which is applied to the electrode and the 
concentration of species O and R (Co° and C r°) at the electrode surface. If the 
potential applied to the electrode is altered the ratio C r 7  Cq° will also alter to satisfy the 
Nernst equation. If the potential increases negatively the ratio becomes larger 
indicating O has been reduced. If the potential increases positively the ratio is 
decreased showing that R has been oxidised.
In the cases where diffusion plays a controlling part, the current resulting from the redox 
process (known as the Faradaic current) is related to the electrode or electrolyte flux at 
the electrode/electrolyte interface and is described by Fick's Law ( 2-7 ). The flux refers 
to the amount of current that flows through a unit area per unit time. When the bulk 
solution is oxidised (or reduced) at the electrode surface, a concentration gradient is 
produced in the electrolyte layer close to the electrode surface. This causes a peak in 
the current being produced with voltage scan, until the potential is sufficient to further 
oxidise (or reduce) more solution. These factors result in a current-voltage curve that 
looks similar to the forward scan in Figure 2-5 where ipc is the cathodic peak current and 
ipa is the anodic peak current.
4 ) = - A D , (2-7)
The flux of matter (0 ) is directly proportional to the concentration gradient as seen in 
( 2-7 ), where Do is the diffusion co-efficient of O, A is the surface area and 8 C /8  % is 
the concentration gradient over the diffusion distance. The flux of O and R at the 
electrode surface controls the rate of reaction and thus the Faradaic current flowing in 
the cell.
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2.5.1.2. Uses of CV for Supercapacitor analysis
This project focuses on the use of CV to yield basic information about a supercapacitor 
cell, including determination of the voltage window, capacitance and cycle life of the 
cell.
When testing a supercapacitor a range of scan rates are typically used, usually 
between 1 and 100 mV/s. Scan rates examined at the lower end of the range allow 
slow processes to occur showing higher capacitances. Conversely, at the higher end of 
the scale lower capacitances are achieved as only fast processes occur. This is why a 
range of scan rates should be used to analyse an electrode material.
The capacitance can be calculated using the data produced from CV as seen in ( 2-8 ), 
where Vf is the final voltage, % is the initial voltage and v  is the scan rate. The 
calculated capacitance depends upon both the scan rate and the voltage region used in 
the integration. If the reaction is proven to be voltage dependant then the capacitance 
increases as the scan rate decreases.
CV can also be used to estimate the cycle life of a cell by monitoring changes in the 
capacitance over 50 cycles or more. If no changes are seen then the supercapacitor 
cell can be tested over a much larger number of cycles, using cyclic charge-discharge 
techniques.
2.5.1.3. The CV Cell Set-up
The type of cell used for an experiment depends on the technique and the data to be 
obtained. The cell is made using an inert material so that is does not react with either 
the electrodes or electrolyte; in this case polytetrafluoroethylene (PTFE) was the 
chosen material. Using a channel through the PTFE, the RE can be placed as close to
51
Chapter 2. Experimental Techniques
the WE as possible. The RE chosen was a saturated silver/silver chloride electrode 
(Ag/AgCl) with the potential determined by the reaction seen in Figure 2-7. The CE was 
isolated from the WE by a separator (glass fibre filter paper) and consisted of carbon 
(Darco G60, a commercial carbon). The cell set-up can be seen in complete form in 
Figure 2-8.
AgCl(S) + 6 AQ(S) + C|-
Figure 2-7: Reversible half reaction for the silver/silver chloride electrode.
□
Figure 2-8: Schematic diagram of a three electrode cell during cyclic voltammetry.
(a) Nut used to create a consistent force on the cell (torque); (b) PTFE 0-rlng;
(c) current collector; (d) current collector contact; (e) butterfly bolts;
(f) channel for RE; (g) PTFE 0-rlng In recess.
The instrument used for all cyclic voltammetry was a Metrohm Autolab UK, PGSTAT12.
2.5.2. Galvanostatic Cycling
Charge/discharge cycling is a very simple technique with its main purpose being quality 
control. Galvanostatic cycling monitors the capacitance of the test cell so that any 
changes that occur during cycling can be monitored. It can demonstrate that the 
capacitance produced by a supercapacitor does not change significantly over hundreds 
of thousands of cycles. Direct current (DC) charge/discharge experiments provide a
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simple method of calculating a supercapacitor’s total capacitance. The total 
capacitance is calculated during the discharge cycle instead of the charging cycle 
( 2-9 ), where I  represents the discharge current and 5 y/5 t represents the rate of 
change of voltage.
y  8 y
(2-9
Figure 2-9: Schematic diagram of a two electrode cell used for Galvanastatic cycling, (a) 
Nut used to create a consistent force on the cell (torque); (b) PTFE 0-rlng; (c) current 
collector; (d) current collector contact; (e) butterfly bolts; (f) PTFE 0-rlng.
The cell used is a two-electrode cell (Figure 2-9) and thus no reference electrode is 
needed. The electrodes are cycled between a lower and upper voltage using a 
constant current, hence galvanostatic.
When electrodes are known to be entirely symmetrical (symmetric assembly of two 
identical electrodes) the total capacitance (Crs) of one electrode can be calculated using 
( 2-10 ). To calculate the specific capacitance (Q^) of the electrode material the 
capacitance is divided by the mass of active material in the electrode (m)( 2-11 ).
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Cts —
C
( 2-1 0 )
c . , = -m
( 2-1 1 )
Voltage Current
2 a
AV
Time (s)
Electrode exhibiting no pseudocapacitance 
Electrode exhibiting pseudocapacitance
Figure 2-10: Example of direct current charge/discharge cycle of a
supercapacitor being cycled between Vi and V2, using a constant current i, 
showing the effect of pseudocapacitance on the shape of the voltage response.
Figure 2-10 shows plots of current vs. time and voltage vs. time. The “saw tooth” shape 
of the graph represents the reversibility of the supercapacitor cell during the 
charge/discharge cycles. The shape of the “saw tooth” also indicates whether or not 
the cell is undergoing pseudocapacitance. The total capacitance of a complete 
supercapacitor cell is calculated using ( 2-9 ).
The effect of cycling on irreversible pseudocapacitance is evident as a reduction in the 
time required to charge/discharge between Vi and V2 . As i and 5 y  remain constant 
throughout the experiment, the reduction in 6 t indicated a reduction in the total 
capacitance of the supercapacitor. Charge/discharge experiments cannot identify the 
electrode the pseudocapacitance is associated with. This means cyclic voltammetry is 
a much more powerful technique for the characterisation of pseudocapacitance.
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2.5.3. Electrochemical impedance Spectroscopy
EIS is a relatively new technique which has become one of the principal procedures for 
evaluating the capacitative behaviour of individual electrodes or multi-electrode 
electrochemical devices. Similar to resistance, impedance is a measure of the ability of 
a circuit to resist the flow of an electrical current, an alternating current (AC) in this 
case. Impedance does not have the same limiting factors as resistance, for example it 
is not independent of frequency and the a.c. current and voltage signals are not always 
in-phase with each other.
2.5.3.1. Principles of EIS
To measure an EIS a small excitation signal is employed. The current response to a 
sinusoidal potential will be a sine wave at the same frequency but shifted in-phase. A 
purely sinusoidal modulation has a time-variant magnitude (Vt) expressed as ( 2-12 ) 
where w is the angular frequency (w = 2nf). The voltage can be thought of as a 
rotating vector (also known as a phasor) quantity as demonstrated in Figure 2-11. The 
length of the vector is the amplitude (Vo) and its frequency of rotation is w (in radians/s).
y, = Vq sin(o)f) ( 2-1 2 )
-n/2
Figure 2-11 : Phasor diagram for an alternating voltage, V* = Vosin(wt).
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When considering the relationship between the sinusoidal signals for current (/J and 
voltage (Vt), they are seen as separate phasors (È and Î) rotating at the same frequency 
but generally not in-phase. Therefore they are separated by a phase-angle (0). In 
Figure 2-12 the current lags the voltage, as É is taken as a reference signal and 0  is 
measured with respect to it. This is expressed as ( 2-13 ).
= I  g sin(cor -h(])) (2-13)
Rotation at w
n/2
-n/2
Figure 2-12: Phasor diagram showing the relationship between alternating current and
voltage signals at frequency w.
Using the two expressions above ( 2-12 ) and ( 2-13 ) the impedance (Z) of a system 
can be analysed using Ohm’s Law ( 2-14 ) and ( 2-15 ).
R = V / I (2-14)
K  sin (ùt
= Zr
Sin CO/
/„ sin(co/-h(p) ° sin(co/4-(p) (2-15)
If a pure resistance {R) is considered, across which a sinusoidal voltage is applied, the 
phase-angle is zero ( 2-16 ).
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(2-16)
K  or /f
Figure 2-13: Relationship between the voltage across a resistor and current through the
resistor.
The current and potential phasors are shown by ( 2-17 ) and ( 2-18 ), and Figure 2-13 
where the current and potential are rotating in the same phase. The magnitude of both 
the current and potential are always equal.
1 =
R
(2-17)
E = IR (2-18)
In the case of a pure capacitance (C) the fundamental relationship \s Q = CV which 
leads to ( 2-19 ) and ( 2-20 ).
Q = CV^ sin (cor) (2-19)
7 = ^  = coCy,cos(cof) ( 2-20 )
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Therefore if the alternating voltage is a function of sin(a>t), the corresponding response 
current is therefore a function of cos(cot). This is also equal to sin(cot + tc/2). The current 
It is out of phase with the voltage (y j by -90° also written as -ti/2 ( 2-21 ) and shown in 
Figure 2-14. The capacitance reactance is denoted by Zc which is equal to 1/œC.
T ^  ■ i ^I ,  =  sinl CÛ/H— ( 2-21 )
É = -jXc i
Figure 2-14: Relationship between an alternating voltage across a capacitor and the 
alternating current through the capacitor.
The vector diagram has now expanded to a plane, making it convenient to represent 
the phasors in terms of complex notation. Components along the ordinate (y-axis) are 
imaginary and are multiplied by ( 2-22 ). The components along the abscissa (x-axis) 
are real. Both real and imaginary components all have actual measureable values.
J ( 2-22 )
For circuit analysis it is beneficial to plot the current phasor along the abscissa (Figure 
2-13) in the vector diagram. This is not the usual method as the entity being measured 
is normally plotted along the ordinate. This leads to ( 2-23 ).
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E = - j X c I  ( 2-23 )
By comparing ( 2-18 ) and ( 2-23 ) it is shown that Xc carries the dimensions of 
resistance but the magnitude decreases as the frequency is increased.
When studying an electric circuit it is rare that multiple components are not present. 
Therefore it is important to be able to study all the components of a circuit 
simultaneously. This can be achieved using EIS.
O- ■O
Figure 2-15: Electrical circuit consisting of a resistance in series with a capacitor.
Figure 2-15 shows a simple circuit containing multiple components (resistance (R) and 
capacitance (C) in series). The same current must flow through both components and 
the overall potential difference is the sum of the potential difference for each element, 
as represented in ( 2-24 ), ( 2-25 ) and ( 2-26 ).
E = E^ + Ec (2-24)
E = l { R - j X c )  (2-25)
E = 1Z (2-26)
It can be seen that the voltage is linked to the current through a vector shown in 
( 2-27 ). A general formula representing impedance is seen in ( 2-28 ) where Zne and 
Z/m are the real and imaginary parts of the impedance. Figure 2-16 is a display of the 
relationships between these quantities.
Z = R - j X c  (2-27)
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Z  = Z Re j z Im ( 2-28 )
Ed~RI
Figure 2-16: Phasor diagram showing the relationship between the current and the 
voltage in a series RC network. The voltage across the whole network is É, and Er and Éc 
are its components across the resistance and the capacitance, respectively.
The magnitude of the impedance (/Zj) can also be expressed in terms cf the real and 
imaginary components demonstrated by ( 2-29 ), where Z^e = R and Zim=Xc=1/cjC. The 
phase-angle ((p) is given by ( 2-30 ).
( 2-29 )
tan(p = ^
'R e R (üRC
( 2-30 )
In summary, impedance is a generalisation of resistance in a.c. circuits with ( 2-26 ), 
presenting a generalised version of Ohm’s Law. The phase angle conveys the balance 
between capacitative and resistive components in the series circuits. For a pure 
resistance, (p = 0, for a pure capacitance, (p = te/2 and for combinations of both 
resistance and capacitance phase angles are observed. More complex circuits can be 
analysed by combining impedances using rules similar to those applicable to resistors 
(In series; R = Ri + R2 and in parallel; 1/R = 1/Rj + l/Rz).
EIS is the preferred method for measuring the equivalent series resistance (ESR) of 
supercapacitors and show whether they are frequency dependanf^^l It can also be
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used to measure the capacitance of the materials and analyse if they are ideal for use 
in a supercapacitor^’^.
The two instruments used throughout this project for EIS were a Solartron, SI 1287 
electrochemical interface and a S11260 Impedance/gain-phase analyser.
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3.1. Introduction
Asymmetric hybrid capacitors have been developed with the purpose of increasing the 
capacitance, cycling stability and energy density of supercapacitors The focus of 
this project is orientated around producing composite electrodes which can be used in 
asymmetric hybrid supercapacitors.
Many methods have been cited in the literature for combining conductive polymers with 
poiyoxometalates (POM), creating electrodes for use in supercapacitors 
Techniques that have previously been adopted include; vapour transportation, spin- 
coating, electro-polymerisation, impregnation and one step reactions
This chapter discusses different methods of preparing electrode composites and the 
different carbons that can be utilized with these materials. It will focus on electrodes 
produced using vapour transportation, impregnation and dispersion methods. The 
composite materials will predominantly be composed of a carbon, a conducting polymer 
and a Keggin anion. Cuentas-Gallegos et al. has discussed the possibility of using the 
Keggin ion without the conducting polymer, by creating an insoluble anion using 
caesium chloride This type of electrode will also be prepared and analysed.
The carbons under investigation throughout this project are carbon cloths/papers, 
multiwalled carbon nanotubes (MWNTs), vapour grown carbon fibres (VGOFs) and 
Super P (Li) (high purity carbon used in lithium batteries). A range of techniques 
(described in Chapter 2) were used to characterise the electrode materials (electron 
microscopy, elemental analysis, conductivity tests).
3.2. Vapour Coating Carbon Papers and Cloths
White at ai. discussed the use of Toray carbon paper (TCP) as a support material. The 
TCP was impregnated with an oxidant and then suspended in the presence of a 
monomer A range of oxidants (phosphomolybdic acid (PM012),
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12-molybdosilicic acid, 10-molybdo-2-vanadophosphoric acid and iron(lll) chloride) 
were used to achieve the growth of an adherent polymer to the surface of the TCP^^^l
Vapour transportation (chemical synthesis) avoids problems associated with monomer 
and electrolyte purity. A high purity monomer and electrolyte is needed for 
electrochemical growth, making the chemicals expensive^^^l If impurities were present 
during growth, this could result in poor cycling lifetimes for the electrodes 
Chemical synthesis generally involves simple processes that can be used to produce 
bulk quantities on a batch basis^^^l An oxidant containing the counter ion is used during 
chemical synthesis and ends up as a dopant. In the case of conducting polymers, an 
oxidant containing counter ion proves to be an advantage, as this is needed for the 
charge/discharge process of a supercapacitor^^^l
White et al. concluded that successful films were produced using molybdenum- 
containing heteropolyacids. TCP proved to be a suitable support material as the 
polymer composite did not peel or curl following the coating process. A ‘skin-like’ 
coverage was created covering the carbon fibres of the TCP after multiple coatings of 
polypyrrole (PPy) were applied as shown in Figure 3-1
Figure 3-1 : SEM of carbon paper: (a) untreated TCP; (b) with multiple coatings of PPy
doped with PMoiz^ ^^ l
Iron(lll) chloride did not provide the smooth surface that the molybdenum-containing 
heteropolyacids exhibited (Figure 3-2, image b). The rough surface would inhibit its use 
as an electrode material in supercapacitors, as good contact with both the electrolyte
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and current collector is essential to reduce the equivalent series resistance (ESR), 
maximising the power^^^l This good contact would not be achieved using the iron(lll) 
chloride derived electrode.
Figure 3-2: Surface of the TCP after four coatings of polymer grown with (a) PM012 and (b)
iron(lll) chloride^^ l^
Symmetrical supercapacitors using TCP based electrodes, with a solid Nation 
electrolyte produced capacitances up to 422 F/g using a combination of PPy and 12- 
molybdo-2-vanadophosphoric acid and 130 F/g using PPy and PIVl0 i2^^ l^
information in the literature leads to the question of whether using the same method as 
White et al. (vapour transportation) but with different carbon papers and cloths could 
produce higher capacitances with improved economic costs. The variety of carbon 
cloths and papers on the market is vast This research investigates a range of 
materials that could be used as support carbons for vapour transportation to produce 
the conducting polymer, these are:
o Toray carbon paper; 
o carbon veil (Optimat®); 
o C-Tex 20 (MAST); 
o light carbon silk (MAST) and 
o carbon felt (MAST).
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The method undertaken to coat the carbon cloths and papers under investigation was 
derived from work previously highlighted by White et
Method: The carbon paper/cloth electrode supports (60 x 35 mm^) were prepared
by washing with acetone (Merck), followed by 30 wt. % hydrogen 
peroxide (Acres Organics). After soaking in deionised water (1 h), the 
supports were air-dried. A solution of PM012 (0.1 mol/dm^, Acres 
Organics) was prepared in deionised water. The electrode was then dip 
coated in the PM012 solution before being allowed to dry. A cotton thread 
was used to suspend the electrode in a dessicator where it was exposed 
to Pyrrole (Sigma-Aldrich) vapour for 24 h. The electrode was washed 
using deionised water in an ultrasonic bath for 30 minutes, to remove any 
loose oligomers and unabsorbed oxidant. The coating process (both 
oxidant and monomer) was repeated until a complete layer was achieved 
across the surface of the support material. The coating was monitored 
using a microscope (Bausch and Lomb). The washing process was 
performed between each application (x4) with the final coating followed 
by a reflux treatment in ethanol for 30 minutes. The finished electrode 
was dried ready for use. The coating was then confirmed as complete 
using scanning electron microscopy (SEM). This indicated the porosity 
of the material, thickness and imperfections that were present both 
before and after the coatings had been applied^^^’ °^^ .
Each carbon cloth and paper will have a unique morphology and weave, dependant on 
the materials and methods utilised to produce the cloths. Different techniques can be 
employed to study the morphology (SEM), elemental compositions (CHN and 
inductively coupled plasma -  optical emission spectroscopy (ICP-OES) analysis) and 
conductivity of the new electrodes. SEM was used to study the effectiveness of the 
coating procedure. Conductivity tests were performed to identify whether the materials 
could pass an electric current, in order to determine if electrical energy storage would 
be achievable.
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3.2.1. Toray Carbon Paper Electrodes
TCP is a carbon-carbon composite paper using Polyacrylonitrile (PAN) derived carbon 
fibres, produced by Toray Industries. The paper features a combination of high 
strength, high stiffness and is light in weighf^^l It shows an excellent gas permeability 
and low electrical resistivity (through plane -  80 mohms/cm and in
plane -  5.6 mohms/cm)^^®’ The PAN fibre precursor is heated to 200 to 300°C in air. 
This results in cyclization and the formation of a thermally stable aromatic ladder 
polymeK®^l The stabilised fibres commonly contain 50 to 60% carbon by weight. 
Carbonisation of the fibres then occurs using a further heat treatment (800 to 3000*0) 
in an inert atmosphere, typically argon. The carbon atoms or chains in the fibres 
condense into a carbon material, resulting in an increase in the carbon content 
(approximately 90%) within the fibre. Other elements such as hydrogen, nitrogen or 
oxygen are nearly all losf®®l The randomly intertwined carbon fibres of the TCP can be 
seen in Figure 3-3, creating a surface for the polymer coating to grow on and eventually 
cover.
Figure 3-3: SEM images of TCP (Hitachi S-3200N)
Energy dispersive X-ray spectrometry (EDXS) was used to ascertain what the 
elemental composition at the surface of the TCP (Figure 3-4). Mapping showed high 
concentrations of carbon present, as expected due to the carbon content of the paper.
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Figure 3-4: SEM image of TCP with elemental mapping utilizing EDXS (Hitachi S-3200N).
The map (Figure 3-4) depicts the shapes of the carbon fibres, almost producing a 3- 
dimensional (3D) image. Oxygen was also present, although at much lower 
concentrations. The variation in elemental concentrations throughout the sample is 
demonstrated by the black and white gradient of the image. The whiter a section of the 
image is, the higher the elemental concentration that is represented.
Results from SEM experiments showed that after each application of PM012 and 
pyrrole, a further coating formed over the carbon fibres as shown in Figure 3-5. After 
one coating, florets of conductive polymer were seen growing in-between the crossing 
carbon fibres (Figure 3-5: c and d). After two applications it was shown that the coating 
was penetrating into the pores of the carbon paper (Figure 3-5: e and f). The extent of 
the penetration resulted in the accumulation of large areas of conductive polymer 
replacing previously identified florets. The polymer utilised the readily available 
crossing carbon fibres as a support structure for the growing coating.
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V'n
Figure 3-5: SEM images of TCP (a/b) uncoated, (c/d) after one coating and (e/f) after two 
coatings of PM012 and PPy (Hitachi S-3200N).
The third coating of PM012 and PPy, showed the formation of a plate-like covering in- 
between the carbon fibres (Figure 3-6). This coating was still fairly uneven and was not 
homogeneous, with further applications required to target any uncoated pores within the 
carbon paper. The fourth and final coating exhibited a coverage which was significantly
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more uniform, with a ‘skin-like’ morphology. This coating was wrinkly in appearance, 
which could potentially be explained by: (1) the layers were built up unevenly, causing 
the wrinkled effect and, (2) the coating could have shrunk during the drying process.
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Figure 3-6: SEM images of TCP (a/b) after three coatings and (c/d) after four coatings of
PMoi2 and PPy (Hitachi S-3200N).
EDXS was used to analyse the elemental composition and abundance at the electrode 
surface. A section of the finished coating was selected (Figure 3-7) which focused on a 
slightly porous area showing the elemental variation over the surface of the electrode. 
Phosphorus was shown to be present as an even coating over sections where the 
polymer skin was clearly visible. The distribution of molybdenum was relatively uniform 
throughout the coating, as well as being the most abundant surface element. Carbon 
and oxygen were also evident at the surface of the electrode.
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Figure 3-7: SEM image of TCP after four coatings of PM012 and PPy with elemental 
mapping utilizing EDXS (Hitachi S-3200N).
Fourier transform infrared spectroscopy (FT-IR) is a reliable and well recognised 
fingerprinting method^^^l The technique of attenuated total reflectance (ATR) has 
revolutionised solid sample analyses by combating the challenging aspects of sample 
preparation and spectral reproducibility. An infrared ATR spectrum of the TCP after 
four coatings of the conductive polymer showed features which relate to the 
heteropolyanion centres. A peak was detected at 1050 cm \  corresponding to the 
centre of the anion (P-0 stretching band). This was overlapped with a peak
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representing the C-H bending band of the polymer. Other peaks present were the Mo- 
0-Mo edge sharing (-780 cm'^), Mo-O-Mo corner sharing (-880 cm'^), terminal Mo=0 
(950 cm'^) and C-N bands (1280 cm'^), indicative of PPy from within the coating.
Conductivity tests were carried out after each coating to monitor the alteration in 
electrical conductivity as the thickness of the coating increased. As the coating that 
was applied to the TCP was a conductive polymer, it was expected that the conductivity 
of the TCP would increase after every additional layer. However the results disagree 
with this hypothesis (Figure 3-8) showing instead that overall the conductivity of the 
TCP coated with four layers decreased by over an order of magnitude compared to 
uncoated TCP.
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Figure 3-8: Electrical conductivity plots of TCP after each coating of PM012 and PPy.
A slight increase was seen in the conductivity after the first coating was applied. This 
may have been due to an insufficient covering of the carbon paper, resulting in no 
partial insulating effects. As the thickness of the coating increased, an insulating layer 
covered the carbon fibres. These results do not imply that the capacitance of the 
electrode is compromised; as long as the material has the ability to conduct an 
electrical current, it remains a viable option as an electrode in a supercapacitor.
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In conclusion, the method utilised in this section successfully coated TCP with a 
conductive polymer. Therefore the method for vapour transportation can be applied to 
coat other carbon cloths/papers to see whether a complete covering can be achieved to 
create electrodes. In the next section the morphology of these materials are discussed.
3.2.2. Optimat® Carbon Veil
A further type of paper that could be used as a supportive non-woven material is 
Optimat® produced by Technical Fibre Products. Optimat® is a range of high 
performance mats and veils which have an exceptionally uniform carbon fibre 
distribution^®®]. They are produced using a proprietary wet-laid process, with a choice of 
binders. The specific paper, Optimat® chosen for this research was a Carbon Veil with 
a polyvinyl alcohol (PVA) binder.
The carbon fibres are similar to those used in TCP and are derived using PAN. The 
density of carbon in the carbon veil paper is lower than that of TCP, as seen in 
Figure 3-9. Carbon veil is known to have a good electrical conductivity and high quality 
surface finish^ ®®].
m
m
Figure 3-9: SEM images of Carbon Veil (Hitachi S-3200N).
Following four applications of PM012 and PPy a ‘skin-like’ coating was not achieved. 
However, instead of florets (as seen on the TCP, Figure 3-5; c and d), globules formed 
along the fibres of the carbon veil. A layer accumulated in limited areas (Figure 3-10,
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image a), but other locations were shown to be completely devoid of any coating. 
Regions where a coating had formed showed the interwoven carbon fibres to be more 
densely packed as seen in Figure 3-10, images a and c.
W '^ m
Figure 3-10: SEM images of Carbon Veil after 4 coatings of PM012 and PPy (Hitachi S-
3200N).
EDXS analysis (Figure 3-11) showed the coating contained carbon, molybdenum and 
phosphorus. The carbon map displayed a carbon fibre in the lower left hand corner that 
was uncoated, and in areas where a coating had been applied, a layering of carbon 
was exhibited (as shown by red colouring in overlaid image). Molybdenum was present 
on the surface in high concentrations (demonstrated by the white colour gradient of the 
image). Voids on the map are representative of cracks within in the coating. An 
elemental map (Figure 3-11) overlaying the carbon (red) and molybdenum (green) 
outlines the extent to which the two individual patterns differ in formation. The 
superimposed image (Figure 3-11) identified a distinct difference in the visible carbon
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fibre in the bottom left hand corner for which there was no apparent coating. A study of 
these images suggests that the carbon veil does not make a good support material, as 
a vapour coating is not easily achieved over the surface of the carbon fibres.
Figure 3-11 : SEM images of Carbon Veil after four coatings of PM012 and PPy and 
elemental mapping utilizing EDXS (Hitachi S-3200N). The SEM was overlaid by the 
carbon map (red) and molybdenum map (green).
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3.2.3. MAST C-Tex
C-Tex is a carbon fibre produced and developed by MAST Carbon International 
Limited. It is composed of 100% activated carbon, which can be used in the form of a 
textile structure. C-Tex is produced from modified cellulose (wood pulp) using a high 
temperature carbonisation and activation process to create viscose rayon^ ®®]. Gram for 
gram C-Tex has much higher adsorption capacities and higher rates of adsorption 
compared to other carbon materials. The C-Tex carbon fibre is available in a variety of 
textile structures.
The knitted material is known as C-Tex 20, with beneficial physical properties such as 
good stretching capabilities before breakage and low fibre shredding. The surface area 
of the cloth is 1100 ± 150 m®/g. The knitted structure of this cloth is shown in 
Figure 3-12.
Figure 3-12: SEM images of C-Tex 20 (Hitachi S-3200N).
Coated C-Tex 20 exhibited a non-uniform layer of PM012 and PPy, potentially due to its 
knitted composition and fibre-twisted strands, which is in contrast to both the carbon veil 
and TCP. These strands show a significantly mottled surface compared to those in the 
uncoated cloth (Figure 3-12). At higher magnification (Figure 3-13, image c) nodules 
can be seen along the carbon fibres.
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Figure 3-13: SEM Images of C-Tex 20 after four coatings of PM012 and PPy (Hitachi S-
3200N).
Elemental maps produced using EDXS (Figure 3-14) showed a molybdenum coating 
that covered the twisted strands of carbon fibre, mimicking the knitted structure of the 
cloth. This was also demonstrated by overlaying the molybdenum map (red) with the 
SEM image (Figure 3-14). The phosphorus, molybdenum and nitrogen maps could be 
superimposed over each other; with the colour gradient showing that the phosphorus 
and nitrogen were present at lower concentrations. The complex knitted nature of the 
carbon fibres prevents the coating penetrating deeper into the carbon cloth. A 
disadvantage occurring due to the uneven surface of the knitted cloth is that a good 
contact between the electrode and current collector may not be achieved.
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Figure 3-14: SEM images of C-Tex 20 after four coatings of PM012 and PPy and elemental 
mapping utilizing EDXS (Hitachi S-3200N). The SEM was overlaid by the molybdenum
map (red).
Light carbon silk is a woven cloth as shown in Figure 3-15 using the C-Tex fibres 
produced by MAST. This is a material produced for the purpose of testing bio-fuel cells 
and supercapacitors. Compared to C-Tex 20 it is a lighter, less dense material with 
greater flexibility^®®].
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Figure 3-15: SEM images of carbon silk with elemental mapping utilizing EDXS (Hitachi S-
3200N).
A coating was successfully applied across the surface; furthermore it was not ‘skin-like’ 
in appearance as with the carbon papers (Figure 3-16). A layer adhered to individual 
fibres and also in areas where the diagonal weaves crossed. However the thin flexible 
silk became very brittle on contact with the coating and was prone to breaking when 
handled, making it a problematic material to work with or coat.
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Figure 3-16: SEM images of carbon silk after four coatings of PM012 and PPy and 
elemental mapping utilizing EDXS (Hitachi S-3200N). The SEM image was overlaid with 
the molybdenum map (red) and the carbon map (green).
EDXS analysis of the silk cloth identified the presence of a carbon binder used to retain 
the structure of the carbon weave (Figure 3-16). Overlaying the carbon (green) and 
molybdenum (red) maps showed the coating to have a much more limited coverage 
over the carbon fibres than initially predicted. By addition of further coatings the silk
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become too brittle to handle, and simply disintegrated when handled with tweezers or 
put under any sort of pressure.
The final material provided by MAST Carbon is Felt V2 , also manufactured from the C- 
Tex fibres. The cloth is produced in various thicknesses and densities. It is also the 
cheapest of the three cloths. The carbon fibres are interwoven in a random pattern as 
shown in Figure 3-17.
Figure 3-17: SEM Images of carbon felt (Hitachi S-3200N).
A layer of polymer was formed across the surface of the felt, as shown in Figure 3-18, 
image a. The surface of the coating was greatly uneven due to the random weave of 
the felt. In areas where fibres were lacking, a coating has been unable to adhere 
(image b). The fibres are needed as a support material and as a starting point in which 
the growing process can occur. The coating of conductive polymer and heteropolyacid 
has rendered the surface of the felt very brittle. If the electrode material was used in a 
supercapacitor test cell, the torque applied to the cell would cause the surface to be 
crushed damaging the structure of the polymer and therefore affecting the capacitance 
of the material.
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Figure 3-18: SEM images of carbon felt after four coatings of PM012 and PPy (Hitachi 8-
3200N).
EDXS mapping showed the presence of molybdenum, phosphorus and nitrogen 
coatings; varying in concentration due to the 3D structure of the felts surface (Figure 
3-19). Although the carbon images are low in contrast, the fibres can be seen on closer 
inspection, showing that the surface concentration of carbon is much lower compared to 
molybdenum. This indicates that the polymer is present at the surface of the electrode.
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Figure 3-19: SEM image of carbon felt after four coatings of PM012 and PPy and elemental 
mapping utilizing EDXS (Hitachi S-3200N).
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3.2.4. Comparison of Electrical Conductivities
The carbon materials discussed throughout Section 3.2 were studied to define the 
degrees to which they conduct an electrical current. By comparing the conductivity it 
can be determined which materials have the potential as either a good support material 
or a composite electrode by being able to conduct an electrical current. The highest 
degree of conductivity was achieved by the TCP (0.003 S/cm) and Felt V2  (0.0019 
S/cm) electrodes, proving to be frequency independent in the range of 10 Hz -  10 kHz 
(Appendix A, Figure A - 1 ). The lowest conductivity (by nearly two orders of magnitude) 
was the carbon silk (0.0005 S/cm) highlighting its inability to conduct an electrical 
current through the bulk of the material compared to the other carbon cloths/papers. 
Although there are significant differences in electrical conductivity between each 
material, their ability to store electrical energy following the application of a 
heteropolyacid and conducting polymer is not lessened.
Conductivity tests on the coated cloths/papers showed that the coatings had changed 
the conductivity of each of the materials (Appendix A, Figure A-1). In all cases the 
conductivity of the cloths/papers had decreased, except for the carbon silk (0.0025 
S/cm). The coated TCP (0.0001 S/cm) had a complete coating, creating a partial 
insulating effect to the carbon fibres. The other electrodes had only partial coatings 
thereby increasing the conductivity of the carbon fibres with the PM012 and PPy. The 
highest degree of conductivity once the electrodes had been coated was demonstrated 
by the carbon silk. The application of the PM012 and PPy had not been successful with 
this material, and therefore did not create a blocking layer over the carbon fibres.
3.2.5. Summary of Vapour Coating Methods
The carbon materials under investigation in this section varied in the degree of coating 
achieved with the conducting polymer. Certain materials are less suitable (for example 
the carbon silk and C-Tex 20), due to their brittleness after coating, or the uneven 
structure of their coated surface. The carbon veil was unsuccessfully coated using
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vapour transportation; but it may have potential use for electrochemical growth. The 
carbon cloth/paper that achieved the best coating was the TCP.
3.3. Polypyrrole Impregnated Carbon Materials
Numerous other carbon materials have been reported in the literature for the purpose of 
creating composite materials for use in supercapacitors. Wang et al. reported using 
composites of conducting polymers and carbon nanotubes (CNTs) to increase the 
capacitance^®^. The conductivity of the conductive polymer is increased by the 
presence of CNTs. The ion diffusion is enhanced because of the mesoporous structure 
of the CNTs^®°].
Khomenko et al. also outlined the use of CNTs to create composite materials with 
conducting polymers^®®]. The oxidant chosen in this case was iron(lll) chloride. When 
creating these materials it is important to remember that carbon typically provides a 
lower specific capacitance compared to conductive polymers. Therefore if using these 
materials together in a composite electrode, the ratio of carbon to polymer should be 
carefully monitored, so as not to limit the specific capacitance. Khomeko et al. 
achieved a specific capacitance of 190 F/g using a symmetric capacitor with a 
combination of multiwalled carbon nanotubes (MWNTs) and conducting polymer 
composite electrodes. This capacitance is lower than that achieved by White et al. 
when using 12-molybdo-2-vanadophosphoric acid and PPy to vapour coat TCP^ ®^ ’. This 
suggests that using a heteropolyacid in the polymer matrix may increase the specific 
capacitance of the electrode materials; however the set-up of the cell and electrolyte 
will vary and so an absolute comparison is unattainable.
The method used to create the PPy impregnated composite electrodes in this study is 
based upon work undertaken by Khomenko et al. in which the carbon was immersed in 
the monomer, with the addition of an oxidant to the solution^ ®®'®®].
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Method: Carbon (1 g) was immersed in Pyrrole (6.37 ml), with PM012 (4 . 6 8  g) in
200 ml of distilled water. The nanocomposite materials were then 
filtered and washed with copious amounts of distilled water, before 
washing several times with ethanol to remove the residual oxidant. The 
composites had a final wash in acetone and were dried at 60"C before 
being stored in a sealed labelled vessel.
The three different carbons impregnated with conducting polymer were MWNTs, carbon 
fibres and Super P (Li). Prior to use the MWNTs need to be activated; this will be 
discussed in Section 3.3.2.
3.3.1. Polypyrrole Impregnated Multiwalled Carbon Nanotubes
The MWNTs used throughout this research were Nanocyl™ 3100 Series Thin MWNTs, 
which are produced via Catalytic Chemical Vapour Deposition (CCVD). This is a well- 
established industrial process that is known for its reliability and scalability. The method 
consists of the preparation of a substrate containing a layer of metal catalyst particles 
(commonly cobalt, nickel or iron). The substrate is heated to approximately 700*0, with 
the growth of the carbon nanotubes being initiated by the addition of two gases to the 
reactor^^®]. The first gas is a process gas (ammonia, nitrogen or hydrogen), and the 
second, a carbon containing gas such as acetylene, ethylene, or methane. The 
MWNTs are formed at the sites of the metal catalyst particles, where the carbon 
containing gas is decomposed. Prior to their use, the MWNTs were functionalised to 
introduce carboxylic acid groups to the surface.
3.3.2. Purification and Functionalization of MWNTs
Activation of the surface of the MWNTs and removal of the catalyst (in this case, cobalt) 
must occur before any reaction can take place. There are three main methods to 
activate MWNTs, the first being chemical oxidation A second method for the 
oxidation of MWNTs has been reported by Bokobza, and involves using a ball mill in a 
specific atmosphere "^ "^ ]^. This allows an introduction of groups such as thiols, amines.
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amides, chlorides, carbonyls, thiomethoxys and acyl chlorides onto the CNTs. A third 
reported method involves functionalization via electrochemical reduction^ "^ "^ ].
The activation process for the MWNTs utilised in this research, involved nitric acid 
(1 mol/dm®) for chemical oxidation
Method; MWNTs (1 g) were stirred in nitric acid (150 cm®, 1 mol/dm®) for 24 h.
The dispersed MWNTs were then sonicated in the acid for 2 0  minutes. 
Subsequently the MWNTs were filtered and washed with deionised 
water ( 2  dm®). They were then placed in deionised water (150 ml) and 
sonicated for 20 minutes. A second filtering and washing stage was 
performed using deionised water ( 2  dm®). The process was repeated a 
further four times before the MWNTs were oven dried (80‘C, 3 h).
The oxidation method is designed not only to activate the MWNTs, but also purify them 
by removing any outstanding catalyst residue left behind from the MWNT fabrication 
process Elemental (CHN) analysis was performed after every treatment with
nitric acid to determine whether any alterations had occurred (removal of catalyst or 
functionalization) due to the acid treatment. The general trend (Figure 3-20) showed 
that the percentage of carbon decreased on increase of acid treatments, with a final 
percentage of 95.5% after five treatments (a difference of 2.33% relative to original 
carbon percentage). There was no evidence of hydrogen or nitrogen being present, 
indicating that the nitric acid had been completely removed during the washing stages, 
and the concentration of hydrogen was below the detection limit. Analysis using ICP- 
OES showed the concentration of cobalt (catalyst) decreased to 0.68% from the initial 
2 .2 2 % after the five acid treatments.
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Figure 3-20: Elemental analysis of carbon content during activating MWNTs with nitric
acid (1 mol/dm )^.
Scanning transmission electron microscopy (STEM) was used to view the CNTs to 
ascertain if any changes had occurred during the activation process (Figure 3-21). The 
untreated MWNTs were viewed using the secondary electron (SE) mode on the STEM, 
which showed images of the intertwined fibres. The phase contrast image (TE) image 
B in Figure 3-21 showed the fringing of the MWNTs, highlighting the layers present in 
the tubes (outlined by the blue box). The TE images c and d in Figure 3 - 2 1  showed a 
dark regions (white boxes) present in the sample, which could indicate the presence of 
cobalt. The dark patches are potentially due to the presence of elements with higher 
atomic numbers. In the knowledge that the catalyst used to produce the MWNTs was 
cobalt (atomic number 27), its continued presence would be seen as darker areas on 
the image.
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Figure 3-21: STEM images of untreated MWNTs (Hitachi HD2300A).
Blue box -  fringing on MWNTs, White boxes -  possible catalyst particles 
(cobalt), (Image a -  SE, Images b, c and d -  TE).
After activation, the cobalt was no longer visible; this was proved by the lack of dark 
spots using IE  contrast (Figure 3-22, image b). However it must be taken into 
consideration that the regions under investigation were only a small proportion of the 
overall sample that was viewed. The tubes themselves were still intact, showing that 
the acid had not “chewed” them up. Many MWNT endings and breaks in the MWNTs 
were highlighted in the TE image, as shown in Figure 3-22, image b (blue boxes).
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Figure 3-22: STEM Images of activated MWNTs utilising both SB and TE modes (Hitachi 
HD2300A). Blue boxes highlight tube endings or breaks.
With the catalyst removed and the activation process complete, the MWNTs can be 
employed to fabricate electrodes for use in supercapacitors.
3.3.2.1. Electrode Fabrication
Images in previous sections (Figure 3-21 and Figure 3-22) showed the morphology of 
the MWNTs, which have been used throughout this research. They were impregnated 
with the conducting polymer to create a supercapacitor with a high capacitance and 
higher energy and power density.
STEM images of the PPy impregnated MWNTs initially showed what appeared to be 
“normal” MWNTs with no foreign matter attached or no particulate matter present. 
Tube ends were clearly visible in images a and b Figure 3-23, highlighted within blue 
boxes. Image b also shows a small region where a denser material is apparent (white 
box). This may be due to a small amount of cobalt, left after purification and activation 
of the MWNTs. EDXS analysis of this region confirmed the presence of cobalt 
(Figure 3-24). Flowever it must again be taken into consideration that this technique 
only creates an image over a small percentage of the sample, which is supported by 
results obtained through ICP-OES analysis (0.067% cobalt present after activation), 
proving that the majority of the cobalt had indeed been removed. On closer inspection 
of a tube ending (Figure 3-23, image c) the fringe was clearly visible (green box) but
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there did appear to be a thicker coating around the perimeter of this fringe (white box) 
compared to Figure 3-21 image b. This could be due to a complete coating of the 
polymer and oxidant, covering the MWNTs. A further EDXS analysis confirmed the 
presence of molybdenum within the material as shown in Figure 3-25.
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Figure 3-23: STEM images of PPy impregnated MWNTs utilising the TE mode (Hitachi 
HD2300A). Image a -  blue box shows tube ending, Image b -  blue box shows tube 
endings, white box shows possible cobalt present. Image c -  green box shows fringe of 
MWNT, and white box shows possible coating of MWNT.
The EDXS results also reported the presence of other elements at the surface of the 
sample (Figure 3-24). The copper within the sample originated from the copper grid 
that partially makes up the STEM holey carbon stud used to load the sample for 
analysis. Iron and aluminium may potentially derive from contact with metal equipment, 
for example spatulas or tweezers that handle the holey carbon paper or from cross-
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contamination by previous samples. The presence of sodium is likely to result from 
contact with the skin (i.e. salts).
Figure 3-24: STEM image of PPy impregnated MWNTs utilising EDXS to analyse 
particulate matter within the tube (Hitachi HD2300A).
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Figure 3-25: STEM image of PPy impregnated MWNTs utilising EDXS to analyse elements 
present in tube coating (Hitachi HD2300A)
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The results from ICP-OES analysis revealed that the ratio of molybdenum to 
phosphorus was 10:1. If the molecule present was pure (H3[PMoi2 0 4 o].nH2 0 ) the ratio 
would be 12:1. This suggests that the resulting compound could be a combination of 
the Keggin structure ([XIVI12O40]'') and the Dawson structure ([X2M18O62]"'), as shown in 
Figure 3-26. A further explanation might be that M0 O3 moieties are being lost when the 
heteropolyanion is introduced to the MWNT. CHN analysis showed 74.14% of the final 
material consisted of carbon, originating from both MWNTs and the PPy.
Figure 3-26: Structures demonstrating the differences between A) Keggin structure and
B) Dawson structure.
To analyse whether the structure of the Keggin ion altered once placed in contact with 
MWNTs, or if it had always been a combination of Keggin and Dawson structures, the 
original sample was analysed using ICP-OES. The results showed the ratio of 
molybdenum to phosphorus was again 10:1 suggesting that the original sample (as 
supplied by Acres Organics) contained a mixture of both the Keggin and Dawson 
structures.
3.3.3. Polypyrrole Impregnated Vapour Grown Carbon Fibres
The method utilised to impregnate the MWNTs in Section 3.3 was also applied to 
impregnate carbon fibres with PPy. The carbon fibres used throughout this research
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were developed by Pyrograf Products Inc, compromising very fine, highly graphitic, low 
cost carbon nanofibres The diameters ranged from 70 to 200 nm with an
estimated length of between 50 to 100 The fibres are vapour grown carbon
fibres (VGOFs) produced from the pyrolysis of a hydrocarbon gas such as benzene or 
methane, in the presence of hydrogen at temperatures around 950 to 1200‘G. The 
fibre growth is initiated by ultra-fine transition metal catalyst particles, typically iron, 
cobalt and nickel deposited on a substrate or directly injected into the gas.
HD2300A 200kV x20,0k ZC
Figure 3-27: (a) and (b) show SEM images of VGCFs (Hitachi S-4000). (c) and (d) show 
STEM images of VGCFs (Hitachi HD2300A).
Prior to impregnation, images were produced of the untreated VGCFs using SEM. 
However at first glance the VGCFs shown in Figure 3-27, images a and b look like 
particulate matter. At higher magnification it can be seen that these bundles were the 
result of entangled VGCFs. To focus more closely on the fibres STEM analysis was 
performed, demonstrating the different aspect ratios between the two techniques.
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STEM analysis (Figure 3-27, image c and d) showed the individual VGCFs of varying 
length and width in detail, compared to the VGCF bundles shown in the SEM images.
Preliminary STEM images of the PPy impregnated VGCFs showed bundles of the fibres 
(Figure 3-28, image a). In this instance, platelets were identified in these masses, 
aiding the, binding of the fibres. In Figure 3-28 image d (TE mode) showed numerous 
dark regions in-between the tubes, the result of heavy metals in the oxidant, forming a 
coating throughout the VGCF bundles.
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Figure 3-28: STEM Images of PPy impregnated VGCF (Hitachi HD2300A).
EDXS analysis was undertaken to establish whether or not the dark regions identified in 
Figure 3-28 consisted of molybdenum. A region was selected showing the contrast 
between the sample and background elemental concentrations. Carbon was present in 
high concentrations in the bottom left hand corner of the image (Figure 3-29) where
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fibres were clearly visible. Molybdenum was not evident in such high concentrations, 
but was still apparent in the bottom left hand corner where the sample was located.
ICP-OES results showed the ratio of molybdenum to phosphorus to be 8:1 indicating a 
mixture of the Keggin and Dawson structures (Figure 3-26). CHN analysis determined 
a carbon content of 94.3% in the sample. This suggests that the percentage of 
conductive polymer covering the VGCFs has decreased in comparison to the coating 
on the MWNTs.
Figure 3-29: STEM image of PPy impregnated VGCFs utilising EDXS to analyse fibres and
platelets (Hitachi HD2300A).
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3.3.4. Polypyrrole Impregnated Super P (Li)
Super P (Li) is a conductive carbon black marketed by TIMCAL Graphite and Carbon. 
Carbon blacks are produced through the incomplete combustion of heavy petroleum 
products, resulting in amorphous carbons^^^l Super P (Li) was first established during 
1980 and exploited commercially in 1982^^°l Super P (Li) is produced by partial oil 
oxidation of carbochemical and petrochemical raw materials. The process is carried out 
at low velocity with no quenching and no additives, producing a high purity carbon black 
material; lacking contaminants.
Super P (Li) has a moderate surface area, displaying a chain-like structure comparable 
to that of acetylene black. It is slightly more graphitic than a furnace black. Carbon 
blacks are good materials to use in composite electrodes due to their high electrical 
conductivity, the low quantities required for high energy densities in a cell, as well as 
their potential for stable dispersions and compatibility with different binders^^^.
STEM images of the Super P (Li) showed a ‘honeycomb-like’ structure (Figure 3-30, 
image a), breaking down into ‘globular-like’ particles (images c and e) at higher 
magnification. Images in TE mode showed darker regions where the particles were 
more densely accumulated but at higher magnification no darker regions were visible, 
indicating a lack of elements with higher atomic numbers within the sample.
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Figure 3-30: STEM Images of Super P (LI) (Hitachi HD2300A).
Once the Super P (Li) had been impregnated with the PM012 and PPy, STEM images 
were taken (Figure 3-31) showing structures very similar to that of Super P (Li) carbon. 
Further imaging using the TE mode (Figure 3-31, image d) revealed dark regions, 
indicative of the presence of heavy metals, such as molybdenum. To confirm this was 
a conductive coating of the polymer, EDXS analysis was performed to ascertain the 
elements present.
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Figure 3-31 : STEM Images of PPy Impregnated Super P (LI) utilising the TE mode (Hitachi 
HD2300A). Images a/b -  500 nm. Images c/d/e -  200 nm.
EDXS analysis showed both the presence of carbon and molybdenum, with 
molybdenum at a much lower concentration (Figure 3-32). The carbon percentage in 
this sample was 83.9% determined by CHN analysis; this represents a ratio of carbon 
to conductive polymer that is between that of VGCFs and MWNTs. The ICP-OES
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results confirmed the ratio of molybdenum to phosphorus to be 9 :1 , again displaying a 
mixture of the Keggin and Dawson structures (Figure 3-26).
M S
Figure 3-32: STEM Image of PPy Impregnated Super P (LI) utilising EDXS to analyse the
particulate matter (Hitachi HD2300A).
3.3.5. Comparison of Electrical Conductivities
MWNTs produced the highest frequency independent conductivity (0.175 S/cm) in the 
range of 10 Hz -  10 kHz (Appendix A, Figure A -2 ). The lowest conductivity (by less 
than an order of magnitude) was Super P (Li) (0.075 S/cm). The difference in 
conductivity between the carbon materials is small, thus indicating each carbon has the 
ability to conduct an electric current through the bulk of the material.
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Conductivity tests on the PPy impregnated carbons showed a reversal in conductivity 
patterns (Appendix A, Figure A-2). The PPy impregnated MWNT composites show the 
lowest conductivity (0.075 S/cm), having decreased by just under an order of 
magnitude. This indicates that the PPy impregnated MWNTs are experiencing an 
insulating effect. This could be linked to the coating seen in Figure 3-23 image C 
covering the MWNTs, therefore creating a partially insulating coating covering the 
MWNTs. Both PPy impregnated Super P (Li) (0.66 S/cm) and VGCFs (0.16 S/cm) 
showed an increase in conductivity, the largest increase being demonstrated by PPy 
impregnated Super P (Li) at over an order of magnitude. This shows that the addition 
of PM012/P2M018 anions and PPy has aided in increasing the conductivity, but the 
carbon material was not coated in its entirety.
3.3.6. Summary of Impregnated Methods with Polypyrrole
Impregnation has been achieved with each of the carbon materials investigated, but to 
significantly different degrees. Using the ICP-OES and CHN analyses it can be 
summarised that each carbon material achieved different degrees of interaction 
between the carbon and anion. PPy impregnated MWNTs showed the highest 
concentrations of phosphorus and molybdenum; however the lowest concentration of 
carbon, indicating the ratio between the MWNTs and PM012/P2M018 anions is high. The 
PPy impregnated VGCFs achieved the lowest degree of interaction with the 
PM012/P2M018 anions showing a carbon content of 94.3%.
STEM analysis was used to confirm the morphology of the materials, suggesting that 
the MWNTs were coated along each tube length, while the relationship between the 
Super P (Li) particles and conductive coating could not be determined using the STEM 
images. The PPy impregnated VGCFs showed platelets forming throughout the fibre 
bundles (Figure 3-28, image b). This could indicate that the VGCFs may require 
functionalization prior to the uptake if the method is to achieve a higher degree of 
impregnation.
Conductivity tests revealed the PPy impregnated MWNTs had a less conductive 
coating, lowering the conductivity of the carbon, whereas the conductivity of the PPy
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impregnated VGCFs and Super P (Li) increased showing that no blocking effect 
occurred, suggesting the concentration of the applied PM012/P2M018 and PPy was 
lower.
3.4. Dispersed Poiyoxometalates on Carbon Materials
Although much research has taken place into the use of conductive polymers for 
supercapacitors, combining them with heteropolyacids is a relatively new field. Current 
research outlines the possibility of discarding the conducting polymer and just using the 
polyoxometalate (POM) This has been demonstrated by Cuentas-Gallegos et
al. whose research has involved creating electrodes using MWNTs and a POM, but 
omitting the conductive polymer^^^l The concept behind this hybrid material is to obtain 
a device with a power density characteristic of nano-carbon materials^^®l The POM 
increases the energy density provided by the redox processes^^l By placing the PM012 
in solution and adding the MWNTs, an interaction between the POM and MWNTs is 
achieved. Caesium chloride is then added to create Cs3(PMoi2 0 4 o).nH2 0  (Figure 3-33), 
an insoluble composite material In order for this to occur, the surface of the
MWNTs must first be functionalised (Section 3.3.2).
Cuentas-Gallegos at al. used a method involving polyethylene glycol p-(1,1,3,3- 
tetramethylbutyl)-phenyl ether (Triton X-100) to produce nano-particulates of 
Cs3(PMoi2 0 4 o).nH2 0  attached to functionalised MWNTs^^^l This method has numerous 
steps in which contamination of the final product could occur, as well as being very time 
consuming. By adsorbing the oxidant to the surface of the carbon in solution and then 
adding the caesium chloride the surfactant is removed from the chemical equation and 
the reaction can progress over a shorter period of time. As the aforementioned method 
was adapted for this research (see below), a primary concern would be any alteration to 
the particle size (previously controlled by the surfactant).
H3 (PMOi2 0 4 o).nH2 0  +  SCsCI --------- ► Gs3 (PMOi2 0 4 o).nH2 0  +  3HCI
Figure 3-33: Synthesis of Cs-12-molybdophosphate (Cs-POM).
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Method: Carbon (1 g) was dispersed in a solution of PM012 (0.01 mol/dm^ in
deionised water) and stirred continuously for 24 h. The liquid was 
separated off using valcuum filtration to remove any excess PM012. The 
collected carbon particulates were then added to caesium chloride (0.505 
g in 200ml deionised water) and stirred for a further hour. The dispersion 
was centrifuged to separate off the product HCI. The solid material was 
then washed in ethanol and centrifuged to separate off the solid. This was 
then dried in a dessicator.
3.4.1. Dispersed Polyoxometalate on Multiwalled Carbon Nanotubes
Initial analysis of the composite material was performed using STEM to study the 
sample morphology. The STEM images showed particulate matter attached to the 
MWNTs (Figure 3-34). This was not fully defined until the examination of the TE mode 
image. It showed the MWNTs with black dots of varying size, spaced randomly 
throughout the image (Figure 3-34, image b). The particulate matter was darker than 
the CNTs as it contained elements with higher atomic numbers, such as molybdenum, 
phosphorus and caesium.
%
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Figure 3-34: STEM Images of dispersed Cs-POM MWNTs utilising the TE mode (Hitachi
HD2300A).
EDXS analysis showed the particulate matter to compromise of carbon, oxygen, 
caesium and molybdenum supporting the presence of caesium phosphomolybdic acid
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(Cs-POM) (Figure 3-35). Copper was present due to contamination from the grid used 
to support the sample in the instrument; along with low concentrations of aluminium and 
silicon. The size of the Cs-POM particle is approximately 100 nm in diameter as judged 
by STEM image.
Element Weight (%) Atomic (%)
c 26.2 56.8
O 16.5 26 9
Al 1.0 0.9
Si 0.4 0.4
Cs 14.2 2.8
Cu 6.3 2.6
Mo 35.1 9.5
1
HD230CA 20QKV x450k TE 0MMÆ3 09:57
Figure 3-35: STEM image of dispersed Cs-POM MWNTs utilising EDXS to analyse the 
particulate matter attached to the tubes (Hitachi HD2300A).
An EDXS was performed on a section of the dispersed Cs-POM MWNTs to ascertain 
whether a coating had built up along the tubes as shown in Figure 3-36 (similar to the 
PPy impregnated MWNTs) or whether it was due to the formation of particulate matter. 
The EDXS results showed a high percentage (98.7%) of carbon with a minimal amount 
of silicon (1.3%), concluding that no coating had formed along the tubes and that it was 
the result of particulate matter forming during the reaction process. The particles 
formed in this region of the sample varied in size to a minimum of approximately 1 0  nm 
in diameter (as judged by STEM images).
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Element Weight (%) Atomic (%)
C 97.0 98.7
Si 3,0 1.3
ZOOkV x40«s TE 0004Q3 liras
ÎOO <00 6.00 &A0 ÏO.00 12.M 1400 16.00 W.OO M.OÛ fceV
Figure 3-36: STEM image of dispersed Cs-POM MWNTs utilising EDXS to analyse the
tubes (Hitachi HD2300A).
The size of the particles produced using this method did vary in comparison to those 
produced by Cuentas-Gallegas et al}^^\ They reported particles of approximate length 
2 0  nm or less, whereas the range in particle size obtained in this research was in the 
region of 100 nm. These samples are unable to be directly compared as the system 
used to test the capacitance would inherently be different (cell set-up, electrolyte etc).
ICP-OES analysis showed the ratio between the phosphorus and molybdenum was 
1:10, again proving a mixture of the Keggin and Dawson structures (Figure 3-26). The 
CHN analysis showed a carbon content of 53.3%. However, as there was no addition 
of conducting polymer to the sample, the presence of carbon must therefore originate 
from the MWNTs.
3.4.2. Dispersed Polyoxometalate on Carbon Fibres
The VGCFs were dispersed in Cs-POM using the same method as that for the 
dispersed Cs-POM MWNTs (Section 3.4.1). The size and shape of the particles varied
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throughout the sample for the Cs-POM, with diameters of 100 nm or less, as 
demonstrated in Figure 3-37, images b and e.
HD2300A 20QKV x250k SE
Figure 3-37: STEM images of dispersed Cs-POM VGCFs utilising the TE mode (Hitachi 
HD2300A). Image A/B/C: 600 nm. Image D/E/F: 100 nm.
EDXS mapping clearly showed oxygen, phosphorus, molybdenum, and caesium to be 
present in the sample, predominantly in the top right hand corner, where possible
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particulate matter is to be found (Figure 3-38). The carbon map also highlights the 
VGCFs crossing throughout the sample image. ICP-OES results proved that 
phosphorus and molybdenum were present in the sample in a ratio of 1 :9 , again 
suggesting a combination of the Keggin and Dawson structures (Figure 3-26). Further 
CFIN analysis reported carbon content within the sample of 8 6 .8 %.
Figure 3-38: STEM image of dispersed Cs-POM VGCFs utilising EDXS to analyse the 
particulate matter possibly present with the fibres (Hitachi HD2300A).
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3.4.3. Dispersed Poiyoxometalates on Super P (Li)
Super P (Li) is a carbon that is very different in structure to both the MWNTs and 
VGCFs. Following dispersion with Cs-POM, a mixture can be seen of particulate matter 
(Figure 3-39). Using the SE mode in STEM analysis it is hard to distinguish between 
that of Super P (Li) and the Cs-POM. However utilising the TE and Z-contrast image 
(ZC) modes, the difference between carbon and Cs-POM particles is clearly defined 
(Figure 3-39, images b, c, d and e); the particles are less than 250 nm in diameter. The 
MWNTs and VGCFs seemed to be visibly attached to the Cs-POM particles; in 
contrast, it was not clear whether Super P (Li) was chemically attached to the 
particulate matter or just present as a mixture.
Employing EDXS during the STEM analysis highlighted the key elements of the 
composite material and mapped them (caesium, molybdenum, oxygen and 
phosphorus). Carbon from the Super P (Li) was also present at a high concentration. 
ICP-OES analysis confirmed phosphorus and molybdenum were present in a ratio of 
1:7; a lower ratio of molybdenum compared to the dispersed Cs-POM MWNT and 
VGCF electrode materials, suggests that the Dawson structure may have had priority 
over the Keggin structure when using Super P (Li). The CHN analysis also showed 
62.7% of the sample to be carbon, therefore indicating the remaining 38% was that of 
Cs-POM.
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Figure 3-39: STEM Images of dispersed Cs-POM Super P (Li) utilising SE, TE and ZC 
modes (Hitachi HD2300 A). Image a/b/c: 500 nm. Image 6/e/i: 100 nm.
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Figure 3-40: STEM image of dispersed Cs-POM Super P (Li) utilising EDXS to analyse the 
particulate matter possibly present with the fibres (Hitachi HD2300A).
3.4.4. Comparison of Electrical Conductivities
Conductivity results indicate the highest conductivity was achieved with the dispersed 
Cs-POM MWNTs (0.18 S/cm), increasing by over an order of magnitude from the 
MWNT carbon (Appendix A, Figure A-3). As the Keggin and Dawson anions interacted 
with the MWNTs, particulate matter has formed at random points along the CNTs. This 
has helped increase the conductivity of the MWNTs. The conductivity for dispersed Cs- 
POM Super P (Li) (0.07 S/cm) had decreased by an order of magnitude compared to
1 1 1
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Super P (Li) carbon, while the dispersed Cs-POM VGCFs did not altered in 
conductivity.
3.4.5. Summary of Dispersed Polyoxometalate Methods
The carbon materials have been dispersed in Keggin and Dawson structures which 
have been immobilised using caesium. The degree of dispersion differs for each 
carbon, with dispersed Cs-POM MWNTs and Super P (Li) showing the lowest 
concentration of carbon (CFIN results), and therefore the highest concentrations of Cs- 
POM. This indicates that the PM012 and P2M018 anions showed the highest degree of 
dispersion with these two carbons. The dispersed Cs-POM VGCFs showed the highest 
carbon content at 86.8%, therefore the concentration of Cs-POM is low.
STEM was used to confirm the morphology of the composite materials, proving that 
new particulate matter was formed. For both the dispersed Cs-POM MWNTs and 
VGCFs the particles visibly seemed to be attached to the carbon material. Flowever 
with dispersed Cs-POM Super P (Li) it is inconclusive as to whether the sample is just a 
mixture or the Cs-POM anion has interacted with the surface of the carbon. 
Conductivity tests provided values which differed between the untreated carbons and 
dispersed Cs-POM carbons, effectively aiding in conductivity (dispersed Cs-POM 
MWNTs) or causing a blocking effect lowering the conductivity (dispersed Cs-POM 
VGCFs and Super P (Li)).
3.5. Finalised Electrode Fabrication Methods
With reference to the procedures discussed throughout this chapter, the final methods 
employed for the fabrication of the electrodes in this research are outlined.
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3.5.1. Supported Thin-Film Fabrication
Using the results from Section 3.2, a method was developed to coat the carbon cloths 
and papers. This method was successful when coating TCP, but the other carbon 
cloths/papers (Optimat® and MAST) were not suitable, and the application of a ‘skin­
like’ coating was not achieved.
Method TCP electrodes (60 x 35 mm) were prepared by washing with acetone and 
30% hydrogen peroxide. After soaking in deionised water (1 h), the 
supports were air dried. A solution of PM012 (0.1 mol/dm^) was prepared 
using deionised water. The electrode was then dip coated in the PM012 
solution and then allowed to air dry. A cotton thread was used to suspend 
the dry electrode in a dessicator, and expose it to pyrrole vapour for 24 h. 
The electrode was washed using deionised water in an ultrasonic bath for 
30 minutes, to remove any free oligomers and unabsorbed oxidant. The 
coating process (both oxidant and monomer) was repeated until a ‘skin­
like’ morphology was achieved. This was ascertained using a Bausch and 
Lomb microscope. The washing process was completed between each 
coat, with the final application followed by washing in ethanol for 30 
minutes.
3.5.2. Impregnation of Carbon Materials with Polypyrrole
Though impregnation of the carbon materials with PPy (MWNTs, VGCFs and Super P 
(Li)) was achieved using a method based up on work undertaken by Khomeko et al. as 
seen in Section 3.3, alterations were made to improve the coating of the oxidant and 
conductive polymer^^^'^^l The carbon was first placed in contact with the oxidant so it 
could react with any functional groups on it surface. Once the oxidant had been coated 
over the surface of the carbon, the pyrrole could then be introduced into the reaction to 
create the conductive polymer coating.
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Method The carbon material (1 g) was dispersed in a solution of PM012 (0.05 
mol/dm^) in deionised water for 24 h. The solution was then filtered using 
a vacuum to remove any excess PM012 and dried in the oven (2 h at 
70°C). Pyrrole (0.09 mol) was poured into deionised water (200 ml) and 
stirred vigorously to form an emulsion. The dried carbon material was 
added to the emulsion and stirred for 12 hours. The nanocomposite 
materials were then filtered and washed with copious amounts of water 
followed by several washes with ethanol to remove the residual oxidant. 
The composites were then washed further with acetone and dried (2 h at 
70=0).
3.5.3. Dispersed Poiyoxometalates on Carbon Materials
The method used to disperse Cs-POMs onto different carbons was discussed in 
Section 3.4. Alterations have been made to the method, similar to those in Section 
3.5.2 where the carbon is firstly placed in contact with the oxidant so it can react with 
the carbon surface. These alterations improve the ratio of Cs-POM to carbon.
Method The carbon material (1 g) was dispersed in a solution of PM012 (0.05
mol/dm^) in deionised water and stirred for 24 h. The solution was then 
filtered using a vacuum to remove any excess PM012 and dried in the oven 
(2 h at 70^C). The dried carbon material was then added to a solution of 
caesium chloride (0.15 mol/dm^) in deionised water and stirred for a
further 12 hours. The dispersion was then centrifuged and the solid
material separated off, before being dried (80"C for 2 h).
3.6. Electrode Fabrication and Characterisation Summary
Different methods have been investigated for fabricating composite electrodes for use 
in supercapacitors using a variety of carbon materials. Vapour coated (with POM/PPy 
coating) carbon cloths/papers (Section 3.2) showed that care had to be taken in 
selecting suitable supports to achieve a ‘skin-like’ covering. The coatings were only
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fully accomplished using Toray carbon paper (TCP) and Felt V2 (MAST Carbon). It 
was decided that the Felt V2 was too thick for use in the supercapacitor, as once the 
carbon fibres were placed under pressure the structure of the cloth would be deformed. 
It was decided not to continue further with these electrodes during this research. If felt 
could be found that is not as thick, further research into these materials could prove to 
be advantageous using felt as a support for supercapacitor.
Polypyrrole impregnation and dispersion Cs-POM with carbon materials (Sections 3.3 
and 3.4) showed successful results as proved using SEM, STEM, EDXS, CHN and 
ICP-OES. The degree of success varied for each material, with the MWNTs and Super 
P (Li) achieving a high degree of interaction between the carbon and the POM anion. 
With the VGCFs a low level of interaction was achieved. This carbon material was not 
functionalised. For future electrodes the degree of interaction might be increased if the 
VGCFs are also treated in acid, to increase the number of functional groups on the 
surface of the carbon.
The composite electrodes that were fabricated using the impregnation and dispersion 
methods were tested using a variety of electrochemical methods (cyclic voltammetry, 
galvanostatic testing and electrochemical impedance spectroscopy). The results for 
these tests are discussed in Chapters 5, 6 and 7 along with methods for thin film 
fabrication in Chapter 4.
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Chapter 4. Fabrication of Electrode Films
4.1. Introduction
The composite materials fabricated in Chapter 3 are not in a suitable format for use in a 
supercapacitor test cell. The composite materials need to be placed in a format that 
allows the electrolyte to access as much of the bulk material as possible, therefore 
making the accessible surface area of the electrode as large as possible. A thin film 
utilises as much of the bulk material as possible by making the majority of it close to the 
surface of the electrode. Large variations in electrode preparation are discussed in the 
literature involving unsupported/supported films, with the possible addition of a binder. 
A support and binder would add extra mass to the final electrode and increase the 
resistances in the test cells. The thickness of the film and the contact it achieves with 
the current collectors need to be considered when designing the electrodes. This 
chapter discusses methods for the fabrication of useable electrodes for 
supercapacitors.
4.2. Unsupported Electrodes
Unsupported electrodes for use in supercapacitors are usually fabricated by creating a 
thin film that has been mechanically strengthened using a binder. An alternative 
method has been reported, using pressure to create pellet electrodes (again using a 
binder to add mechanical strength).
4.2.1. Unsupported Thin Film Electrodes
Roberts et al. reported creating unsupported films for use in supercapacitors by mixing 
the active material, graphite and polyvinylidene fluoride (PVDF) in acetone^^l The 
resultant slurry was poured on to a glass sheet and spread with a doctor blade. The 
PVDF acts as a binder, and is used due to its high electrochemical, thermal and 
chemical s tab ilit/^ l Many research groups have used PVDF as a binder to create 
supported/unsupported films for use in supercapacitors due to its mechanical 
strength^^’ '^®l
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The method used to create unsupported thin film electrodes was derived from work 
previously highlighted by Roberts eta l}^\
Method: The composite carbon material and PVDF were mixed in a beaker
using a ratio of 95:5 in acetone. The mixture was then heated in the 
oven at 80"C evaporating off to the solvent to create a slurry. The 
resultant slurry was then poured onto a glass sheet and spread using a 
micrometer blade on a Sheen Automatic Film Applicator 1133N with a 
traverse speed of 100 mm/s. A scalpel was used to lift the film off the 
glass sheet once air dried.
The thin film produced using multiwalled carbon nanotubes (MWNT) was unsuccessful 
as seen in Figure 4-1. The resultant film was fragmented and cracked with large gaps 
in the film and therefore not suitable for use in supercapacitor cells.
The film formed in this way due to the swelling of the MWNTs in the solvent. When the 
film dried, the MWNTs shrunk pulling apart the film and creating cracks throughout the 
fragments of film. A series of films were produced with varying percentages of PVDF 
(10, 15 and 20%). The films produced showed similar structural properties with cracks 
throughout.
I *
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Figure 4-1 : Unsupported MWNT film using PVDF as a binder 
(ratio of carbon to binder 95:5).
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When the carbon used was altered to vapour grown carbon fibres (VGCF) a self 
supported thin film was fabricated. Large sections of this could be lifted off the glass 
sheet. The resultant film was suitable for use in a supercapacitor test cell. This film 
was easily created as the VGOFs did not swell to the same degree as the MWNTs.
Figure 4-2: Unsupported VGCF film using PVDF as a binder 
(ratio of carbon to binder 95:5).
The final carbon to be tested using this method was Super P (Li). A film was not 
achieved using Super P (Li), with the layer breaking up into small flakes as the acetone 
evaporated. The Super P (Li) particles were too small to create a film even as the 
percentage of binder was increased (10, 15 and 20 %).
Figure 4-3: Unsupported Super P Li film using PVDF as a binder 
(ratio of carbon to binder 95:5).
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From the three carbons (MWNTs, VGOFs and Super P (Li)) used to create the films, 
the VGCF was the only carbon that created an unsupported film that was suitable for 
use in a supercapacitor.
4.2.2. Pellet based Electrodes
Pellet based electrodes were created by Ruiz et al. to place an activated carbon into a 
form suitable for use in a supercapacitor^^l A mixture of the carbon and binder (PVDF) 
was placed into pellet form using pressure. An immediate concern when using this 
method that by applying a high pressure the material packed together to such as extend 
it loses a degree of its porosity. This could limit the capacitance of the electrodes. It 
was decided that this would not be a suitable method to produce electrodes for use in a 
supercapacitor.
4.3. Supported Electrodes
Many electrodes are fabricated as films on a support material, for example on metal 
foils, metal grids and glass fibre filter papers Different ways to coat the support 
materials may include spray-coating, filtering and pressure.
4.3.1. Spray Coated Steel
Roberts et al. reported using steel mesh as a support, this was then pressed with an 
electrode film^^’ ^l A metal is a good support material as it conducts electricity. Instead 
of pressing a film on to a metal support, it could be sprayed instead. The method used 
combined the mixture used for creating a film (Section 4.2.1) with spray coating a steel 
support.
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Method: The composite carbon material and PVDF were mixed in a beaker
using a ratio of 95:5 in acetone. The mixture was then heated in the 
oven at 80°C evaporating off to the solvent to create a slurry. The 
resultant slurry was then spray coated on to individual steel squares (7 
X 7 mm^) using a Spray Craft airbrush kit.
When trying to spray coat with MWNTs and VGCFs the aerosol on the spray gun 
became blocked due to agglomerated particles. It was not possible to create electrodes 
using this method for MWNTs and VGCFs.
♦
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Figure 4-4: Spray coated Super P LI electrodes: (A) spray coated aluminium foil and 
(B) spray coated steel squares using PVDF as a binder,
(ratio of carbon to binder 95:5).
Super P (Li) was sprayed on to aluminium foil (Figure 4-4, image A), in small sections 
the coating flaked off creating a self-supported film. The coating could not be peeled off 
using a scalpel, as it disintegrated. Figure 4-4, image B shows a steel square which is 
covered in a uniform coating of Super P (Li) creating an electrode that can be used in a 
supercapacitor.
4.3.2. Filter Paper Supported Electrodes
Another support material that can be used for supercapacitor electrodes is a microfibre 
glass fibre filter paper^l These are already used in the supercapacitor test cells as a
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separator (in between the working electrode and the counter electrode). This is an 
advantage as no other materials are added to the supercapacitor test cells. A further 
advantage is that no binder is needed to create the film; this is done by the intertwining 
of the carbon tubes and fibres. This method may therefore not be suitable for Super P 
(Li).
The method used to create glass fibre filter paper supported electrodes was derived 
from work previously highlighted by Fang eta l}^\
Method: The carbon composite material (0.5 g) was dispersed in ethanol 
(400 cm^) by sonicating for 2 h. The dispersed carbon was then 
filtered through a simple filtration funnel using a moderate vacuum. 
The electrodes were then air-dried in a dessicator.
MWNTs created an even coating over the filter papers as shown in Figure 4-5. On 
larger filter papers (10 cm diameter) the MWNT film started to peel up as seen in 
Figure 4-5, Image A. On smaller filter papers (13 mm) the film seemed to adhere to the 
glass fibres, producing a supported electrode that could be used in supercapacitor test 
cells. Similar electrodes were created for VGCFs.
Figure 4-5: MWNT electrodes using glass fibre filter paper supports,
(A) 10 cm diameter and (B) 13 mm diameter.
Scanning electron microscopy (SEM) was used to study the morphology of the 
electrodes. Figure 4-6 shows a matt of intertwined MWNTs across the surface of the
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glass fibre filter paper; this creates a surface that at 30 pm looks similar to those 
obtained in Chapter 3, Section 3.2.1 when coating the Toray carbon paper with PPy.
»
m
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Figure 4-6: MWNT electrodes using glass fibre filter paper supports using SEM
(Hitachi S-4000)
Figure 4-7: VGCF electrodes using glass fibre filter paper supports using SEM
(Hitachi S-4000)
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The VGCFs did not create such a smooth surface, looking more granular at 300 pm due 
to the bundles of fibres. This may create higher resistances in the cell as a good 
contact needs to be achieved with the current collector and this 3D surface will limit that 
contact.
The Super P (Li) electrodes are shown in Figure 4-8. The particles were so small that 
many of them passed straight through the filter paper. Those that sat on the top of the 
filter paper could not intertwine (due to morphology of particles) and therefore a film 
was not achieved.
Figure 4-8: Super P (Li) electrodes using glass fibre filter paper supports, 
(A) 10 cm diameter and (B) 13 mm diameter.
4.4. Darco G60 Counter Electrode
The counter electrode used during electrochemical is comprised of Darco G60 and 
PVDF binder creating an unsupported electrode. The method used to fabricate the 
electrodes is shown in Section 4.2.1, using Darco G60 85%, Graphite 10% and PVDF 
5%. The electrochemistry of these electrodes is shown in Appendix B.
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4.5. Summary
To be able to compare all the carbon based composite electrodes it would be preferable 
to use electrodes that are all in the same format. From the above data it is clear that 
this can not be achieved. The only method that produced a useable electrode for Super 
P (Li) was the spray coated steel. This method will be used to produce all Super P (Li) 
based electrodes for chemical testing throughout the remainder of this project.
MWNTs and VGCFs could be placed into a useable format for supercapacitor 
electrodes using the filter paper supported method. This keeps the different types of 
electrodes produced to a minimum (spray coated and filtered electrodes). The two 
types of electrodes will not be directly comparable, but will result in information about 
each type of electrode material.
1 2 8
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5.1. Introduction
Composite electrodes have been fabricated for use in supercapacitors (discussed in 
Chapter 3, Sections 3.3. and 3.4.). To analyse the capacitance of the composite 
electrodes a variety of techniques were used:
o cyclic voltammetry (CV); 
o galvanostatic cycling and 
o electrochemical impedance spectroscopy (EIS).
These techniques are used to determine: the electrochemical processes present within 
the supercapacitor test cell, insight into the capacitor type, determination of the specific 
capacitance, power and energy densities, and also the associated resistances in the 
cell.
All Super P (Li) electrodes were fabricated by preparing a mixture of the active 
composite material (95%) and polyvinylidene fluoride (PVDF) (5%) in acetone 
(discussed in Chapter 4, Section 4.3.1.). The active composite material refers to the 
carbon and either the conducting polymer or immobilised polyoxometalate (POM). The 
mixture was heated to 80‘C  to remove some of the solvent before spray coating on 
stainless steel squares.
The counter electrode compromised Darco G60, PVDF and graphite at a ratio 85:5:10 
in acetone to form a slurry (electrochemistry shown in Appendix B). The above method 
was used to create the counter electrode. Instead of spray coating to create a film the 
slurry was poured onto a glass sheet and spread using micrometer blade on a Sheen 
1133N Automatic Film Applicator, with a traverse speed of 100 mm/s, creating an 
unsupported film.
Two different aqueous electrolytes were chosen for initial testing of the Super P (Li) 
electrodes (aq. NaHS0 4  and aq. H2SO4 1 mol/dm^). The CV results were also used to 
determine which electrolyte should be used when testing the multiwalled carbon 
nanotube (MWNT) and vapour grown carbon fibre (VGCF) electrodes.
131
Chapter 5. Electrochemical Testing of Composite Materials containing Super P (Li)
All experiments (CV and galvanostatic) were performed in triplicate throughout 
Chapters 5, 6 and 7. Samples used during the testing were produced from one batch of 
the composite carbon material. In the event where a cell did not complete either the CV 
or galvanostatic cycles further samples were tested to ensure adequate data was 
produced.
The CV plots shown throughout chapters 5, 6 and 7 show the data of one sample for 
each carbon composite from the triplicates analysed. The data shown for the specific 
capacitances with relation to scan rate is the mean average for the three samples 
analysed. For galvanostatic cycling the graphs represent the mean average of the data 
produced by the three samples analysed at each current density. EIS was only 
analysed using single samples due to the time required to run the samples. The 
specific capacitance (F/g) was calculated with regards to the active composite material 
used in the fabrication of the electrode (excludes steel support and PVDF binder).
The Super P (Li) based electrodes tested throughout Chapter 5 were:
o Super P (Li) Carbon;
o polypyrrole (PPy) impregnated Super P (Li) and 
o  dispersed caesium polyoxometalate (Cs-POM) Super P (Li).
5.2. Cyclic Voltammetry
CV is an established procedure for the characterisation of electrochemical processes at 
the phase boundary that is the electrode/electrolyte interface. The redox peaks are 
used to identify whether the supercapacitor is a double layer capacitor or a 
pseudocapacitor, with the peaks identifying the redox processes occurring during 
cycling. The CV plots are also used to study the reversibility of the redox processes, 
the kinetics of the reactions and mass transportations involved.
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5.2.1. Assembly of the Supercapacitor Cells
A 13 mm diameter disc of self-supported Darco G60 carbon film was cut and 
assembled with the spray coated Super P (Li) electrode in the test cells. Two glass 
fibre separators (15 mm diameter) pre-soaked in the chosen electrolyte were used in 
between the Darco G60 and the Super P (Li) electrodes. The design of the test cell can 
be seen in Chapter 2, Figure 2-8. Each cell was assembled using a constant torque of 
2 N.m. Excess electrolyte was added to the test cell.
5.2.2. Polypyrrole Impregnated Super P (Li)
PPy impregnated Super P (Li) consists of Super P (Li), PM012/P2M018 anions and PPy, 
creating a composite material for use in a pseudocapacitor (Chapter 3, Section 3.3.3.). 
Initial electrochemical investigations using these electrodes were carried out using CV 
between potentials -0.4 and 0.6 V vs. Ag/AgCI(sat) reference over a range of scan rates 
between 1 and 100 mV/s (electrolyte: NaHS0 4  (aq.), 1 mol/dm^).
- 0.4 - 0.2 )  0.2
E vs. sat (Ag/AgCI) (V)
10 mV/s 
100 mV/s
0.4 0.6
5 mV/s 
75 mV/s
-1  mV/s 
50 mV/s
25 mV/s
Figure 5-1 : CV of PPy impregnated Super P (Li) in NaHS0 4  (aq., 1 mol/dm )^ electrolyte.
This potential window was chosen as the composite material showed redox activity, 
seen by the six peaks present in Figure 5-1. The potential window covered the range of
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1 V to allow for the greatest degree of analyte characterisation. To understand the 
reactions occurring at the electrode/electrolyte interface these peaks need to be 
identified.
Discussed in the literature are three peaks which are characteristic of the PM012 
anion^^'^l The redox processes associated to the reversible processes of PMoi2 0 4 o^ ' 
anion are shown in Figure 5-2. These concomitant reactions correspond to two one- 
electron transfers and a two-electron transfer. Some cases in the literature discuss four 
characteristic peaks for the PMoi2 0 4 o^ ‘ anion^^‘^°l Two of the peaks represent two one- 
electron transfers, but little is understood about the other two redox peaks. Further 
research needs to be completed into the processes that these peaks represent, and 
also which peak represents which redox reaction.
Three peaks are also characteristic for the P2M018 anion. These redox peaks are 
associated with the reversible processes of P2Moi8 0 6 2 ®' where the concomitant 
reactions correspond to three two-electron transfers as shown in Figure 5-3, but again a 
further study needs to be completed to determine which peak represent which redox 
reaction. A characteristic peak of PPy has been discussed in the literature at 
approximately 0.49 V (forward direction), however it can often be masked by the 
PM012/P2M018 redox peak
[PIVIo^2^ 4o]^ +  6 '  ---------  [P M o ^  2(^40]^'
[PMo.,2 0 4 0 ]^ +  ~ [PMq.|204o]^'
[ P M O . | 2 0 4 q ] ^  +  2 6 "  +  -«"K :  [ P M o ^  2 ( ^ 4 0 ] ^
Figure 5-2: Redox processes corresponding to the PM012 anion.
[P2MO18O62P- +  2e- +  2H+ ^  [H2P2MO18O62P-
[H2P2Mo.|gOg2p- + 2e- +  2H+ ^  [H4P2Mo.,gOg2]6-
t ^ 4 ^ 2 ^  *^18*^62 ]^ ’  2e ‘  "P  2\-\*  —^
Figure 5-3: Redox processes corresponding to the P2M018 anion.
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The six peaks (Figure 5-1) cannot be identified conclusively but there are several 
hypotheses which can be discussed. Firstly, does each of the anions present (PM012 
and P2M018) have its own set of peaks? If so this would account for the six peaks 
present in the CV plot (three representing PM012 and another three representing 
P2M018). This would most likely be due to the redox processes involving different 
numbers of electrons, not due to the maximum oxidation states of the phosphorus and 
molybdenum which are the same for both anions (P^ and Mo'").
Secondly, some peaks may represent functional groups such as carboxylic acids 
present on the surface of the carbon. Qu et al. reported a CV of a carbon nanotube 
electrode in H2SO4 (aq., 1 mol/dm^) electrolyte^^ Two broad redox peaks appeared at 
approximately 0.3 V which were assigned as responses of carboxyl groups present on 
the surface of the carbon. The Super P (Li) was first placed in contact with a 
PM012/P2M018 solution with acidic properties before addition of the PPy. The acid may 
have functionalised the surface of the Super P (Li) introducing oxygen containing 
moieties.
For an ideal capacitor, normalised CV curves with respect to scan rate superimpose, 
indicating that the capacitance does not depend on the scan rate. Figure 5-4 showed 
the supercapacitor test cell to be non-ideal. Large differences were seen between 1 
mV/s and all other scan rates. This indicates that the capacitance is scan rate 
dependent. At low scan rates the diffusion process progresses with the insertion/de­
insertion of the Na^ and ions into all the available pores in the electrode. As the 
scan rate is increased the interaction of the Na^ with the carbon electrode is diminished. 
Less Na^ ions are inserted/de-inserted into the electrode matrix. There is only enough 
time for the ions to approach the surface of the electrode, and not enough time to 
diffuse into the carbon matrix. This resulted in a decrease in the capacitance as the 
scan rate increased.
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Figure 5-4: Normalisation of the CV by scan rate for PPy impregnated 
Super P (Li) in NaHS0 4  (aq., 1 mol/dm )^ electrolyte.
Altering the electrolyte in the cell to H2SO4 (aq., 1 mol/dm^) still showed six peaks to be 
present (Figure 5-5). Reasoning for these peaks follows as stated previously for the 
PPy impregnated Super P (Li) electrode in NaHS0 4  (aq.). The number of peaks seen 
could be due to dual peak sets (three peaks each for PM012 and P2M018 anions), or 
redox peaks for carboxyl moieties introduced to carbon surface when placed in the 
acidic POM solution.
1.5
1.0
0.5
0.0
- 0.5
- 1.0
- 1.5
- 2.0
- 2.5
- 3.0
- 0.3 - 0.1 0.1  0.3
E vs. sat (Ag/AgCI) (V)
10 mV/s 
100 mV/s
0.5 0.7
1 mV/s 
50 mV/s
5 mV/s 
75 mV/s
25 mV/s
Figure 5-5: CV of a PPy impregnated Super P (Li) in H2SO4 (aq., 1 mol/dm^) electrolyte.
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When the PPy impregnated Super P (Li) (aq. NaHS0 4  and aq. H2SO4 electrolytes) 
electrodes were compared (Figure 5-6) a specific capacitance of over 200 F/g was 
seen. This was achieved using H2SO4 at a scan rate of 1 mV/s. This decreased by 
approximately 83% as the scan rate was increased to 100 mV/s. The specific 
capacitance of the electrode in NaHS0 4  (aq.) showed much lower values, less than 80 
F/g at 1 mV/s then falling to 30 F/g at 100 mV/s. The best performance for the PPy 
impregnated Super P (Li) electrode is therefore achieved using H2SO4 (aq.). The 
stability of the PPy impregnated Super P (Li) electrodes is discussed later.
240
bo 200
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Scan Rate (mV/s)
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Figure 5-6: Specific capacitance values as a function of scan rate for 
PPy impregnated Super P (Li).
Blue -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.4 to 0.6 V) 
Red -  aq. H2SO4 1 mol/dm  ^electrolyte (potential window -0.3 to 0.6 V)
5.2.3. Dispersed Polyoxometalate on Super P (Li)
Dispersed Cs-POM Super P (Li) consists of Super P (Li) and caesium phosphomolybdic 
acid creating a composite material for use in pseudocapacitors by using caesium to 
immobilise the POM (Chapter 3, Section 3.4.3.). Electrochemical investigations were 
carried out using CV between potentials -0 .2  and 0 .6  V vs. Ag/AgCI(sat) over a range of 
scan rates between 1 and 100 mV/s. This potential window was chosen as it covered 
the region where redox activity was shown as shown in Figure 5-7.
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The CV plot exhibits three peaks characteristic of the PM012 and P2M018 anions in the 
potential range of -0.1 to 0.45 V using NaHS0 4  (aq.) electrolyte^®^ These peaks show 
similar values to those obtained for solutions of PM012 as seen in the literature (-0.042, 
0.190 and 0.324 V vs. Ag/AgCI reference in HCIO4 electrolyte)^®^ The peaks represent 
multi-electron reversible redox reactions as shown in Figure 5-2. With previous 
electrodes six peaks were seen, this could indicate that the POM used to prepare this 
particular electrode may have been pure PM01 2 . PM012 was obtained at different dates 
during research, thereby different batches were obtained showing different ratios of 
PM012 to P2M018 anions present (discussed in chapter 3).
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0.1
- 0.1
- 0.2
- 0.3
- 0.2 0.2  0.4
E vs. sat (Ag/AgCI) (V)
10 mV/s
100 mV/s
0.6
1 mV/s 
50 mV/s
5 mV/s 
75 mV/s
25 mV/s
Figure 5-7: CV of dispersed Cs-POM Super P (Li) in NaHS0 4  (aq. 1 mol/dm )^ electrolyte.
Normalization of the cyclic voltammogram with respect to scan rate showed that the 
plots did not superimpose (Appendix C, Figure C-6). As the scan rate increased the 
specific capacitance decreased, this is due to there being less time for ions to reach the 
surface of the electrode and react (mass transport and electrolyte mobility).
Analysis of the dispersed Cs-POM Super P (Li) electrodes was repeated using H2SO4 
(aq., 1 mol/dm®) electrolyte between potentials -0.3 and 0.6 V vs. Ag/AgCI(sat) over a 
range of scan rates between 1 and 100 mV/s. The potential window was chosen as the 
redox activity can be seen, and therefore the processes occurring at the electrode 
surface can be identified. The cyclic voltammogram for dispersed Cs-POM Super P (Li)
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with aq. NaHS0 4  and aq. H2SO4 (1 mol/dm^) electrolytes showed many similarities, 
most importantly that both showed three characteristics peaks.
For the dispersed Cs-POM Super P (Li) with H2SO4 (aq.) electrolyte scan rates of 75 
mV/s and below showed two possible peaks, where at 100 mV/s only one peak was 
visible (0.15 V). Four redox peaks have been discussed in the literature representing 
PM012 anions. Two of these redox processes are represented by the one-electron 
transfers seen in Figure 5-2^^°l The other two redox processes would need to be 
studied in more detail. An irreversible reduction peak is observed at -0.25 V, which can 
be assigned to the functional moieties present on the carbon surface due to its 
functionalization in the presence of the POM solution during the fabrication of the 
composite material
3
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Figure 5-8: CV of dispersed Cs-POM Super P (LI) In H2SO4 (aq., 1 mol/dm )^ electrolyte.
Normalisation of the voltammogram plots with respect to the scan rate showed the CV 
plots could not be superimposed indicating the capacitance is therefore scan rate 
dependant (Appendix C, Figure C-7).
The specific capacitances of the dispersed Cs-POM Super P (Li) electrodes using 
different electrolytes (aq. NaFlS0 4  and aq. H2SO4) were compared as a function of scan 
rate (Figure 5-9). The cell using H2SO4 (aq.) electrolyte showed the highest specific
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capacitances but the performance decreased by approximately 60%, before showing a 
gradual increase at 75 and 100 mV/s. The gradual increase in capacitance could not 
be explained. The cell using NaHS0 4  (aq.) electrolyte showed much lower specific 
capacitances, stabilising at approximately 10 F/g.
“  80
Scan Rate (mV/s)
Figure 5-9: Specific capacitance values as a function 
of scan rate for dispersed Cs-POM Super P (Li).
Blue -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.2 to 0.6 V) 
Red -  aq. H2SO4 1 mol/dm  ^electrolyte (potential window -0.3 to 0.6).
5.2.4. Super P (Li) Carbon
Super P (Li) is the basis of all the composite electrodes that were tested 
electrochemically and reported throughout Chapter 5. Two electrolytes have been used 
to test the composite electrodes when using CV. These electrolytes were aq. NaHS0 4  
and aq. FI2SO4 (1 mol/dm^). Each composite electrode used a different potential 
window during testing so that the redox activity was always characterised. These 
potential windows are shown in Table 5-1.
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Table 5-1 : Electrolyte and potential window used for the composite eiectrodes.
Composite Super P (Li) 
based Electrode
PPy Impregnated 
Dispersed Cs-POM
Aqueous Electrolyte 
(1 mol/dm^) 
NaHS04 
H2SO4 
NaHSOL 
H 2 S O 4
Potential Window 
(V)
-0.4 to 0.6 
-0.3 to 0.6 
-0 .2  to 0 .6  
-0.3 to 0.6
Super P (Li) was studied using the electrolytes and potential windows seen in Table 5-1 
so the calculated specific capacitances are comparable to those calculated for the 
composite electrodes (PPy impregnated and Dispersed Cs-POM Super P (Li) 
electrodes).
Initial investigations into the electrochemical properties of Super P (Li) carbon 
proceeded using CV between potentials -0 .2  and 0 .6  V vs. Ag/AgCI(sat) at a range of 
scan rates between 1 and 100 mV/s with NaHS0 4  (aq., 1 mol/dm^). At 1 mV/s a 
rectangular shape was seen (Figure 5-10) indicating that a reversible capacitative 
behaviour was occurring with the presence of simple double layer.
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Figure 5-10: CV of Super P (LI) carbon in NaHS0 4  (aq., 1 mol/dm^) electrolyte.
Insert shows CV at 1 and 100 mV/s.
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When the scan rate was increased the form of the CV deviates away. This is 
demonstrated by the insert in Figure 5-10. At faster scan rates there is not as much 
time for displacement of the ions which form the double layer, this results in a decrease 
in the capacitance as the scan rate increases (Figure 5-11).
Scan rate (mV/s)
Figure 5-11 : Specific capacitance values as a function of scan rate for Super P (Li) carbon
in NaHSOa (aq., 1 mol/dm )^ electrolyte.
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Figure 5-12: Normalisation of the CV by scan rate for Super P (Li) carbon
in NaHS0 4  (aq., 1 mol/dm )^ electrolyte.
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For an ideal capacitor, normalised CV curves with respect to scan rate superimpose, 
indicating that the capacitance does not depend on the scan rate. Normalisation of the 
CV shown in Figure 5-12 proved that the capacitance increased as the scan rate 
decreased, indicating a scan rate dependence. This is explained by kinetically slow 
reactions at the surface of the electrodes. The fast scans are over before the reaction 
occurs with a double layer response.
Similar characteristics were shown by Super P (Li) carbon when analysed between 
potentials -0.4 and 0 . 6  V vs. Ag/AgCI(sat) reference (Figure 5-13). A t 1 mV/s the specific 
capacitance was 152 F/g, but as the scan rate increased (> 25 mV/s) the specific 
capacitance stabilised at 20 F/g.
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Figure 5-13: CV of Super P (Li) carbon in NaHS0 4  (aq., 1 mol/dm^) eiectroiyte.
H2SO4 (aq., 1 mol/dm^) electrolyte was investigated (Figure 5-14) between potentials 
-0.3 and 0 .6  V versus Ag/AgCI (sat) at a range of scan rates between 1 and 1 0 0  mV/s. A 
redox shoulder was visible at 0.55 V suggesting the presence of functional groups on 
the surface of the carbon such as carboxylic acids^l
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Figure 5-14: Cyclic Voltammetry of Super P (Li) carbon 
in H2SO4 (aq., 1 mol/dm^) electrolyte.
To compare the results for the Super P (Li) carbon electrodes (using different 
electrolytes and potential ranges) graphs were plotted of scan rate versus calculated 
specific capacitance (Figure 5-15). The largest specific capacitance was produced by 
Super P (Li) carbon electrode using NaHS0 4  (aq.) a potential range of -0.4 and 0.6 V. 
As the scan rate increased from 1 to 25 mV/s the specific capacitance showed an 83% 
loss. The final two Super P (Li) carbon electrodes showed much lower specific 
capacitances. At 1 mV/s both electrodes had specific capacitances of less than 40 F/g 
stabilising at approximately 10 F/g at higher scan rates. This could be due to the 
different potential windows used with each electrolyte.
CV was used to analyse the cycle life of the cell over 1000 cycles by monitoring the 
specific capacitance (scan rate 10 mV/s). Two of the Super P (Li) carbon electrodes 
showed a good stability (approximately 5 ± 0.2 F/g over 1000 cycles) during cycling as 
shown in Figure 5-16. The third Super P (Li) carbon electrode (electrolyte; NaHSOL 
(aq.), potential range; -0.4 to 0.6 V) showed the highest specific capacitance but was 
not as stable over the 1000 cycles. Its specific capacitance decreased throughout the 
1000 cycles from 30 to 12 F/g showing a 60% loss. The instability of the capacitance 
during cycling may indicate that the potential window used was too large.
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Figure 5-15: Specific capacitance values as a function of scan rate for 
Super P (Li) in various electrolytes).
Blue -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.2 to 0.6 V), 
Red -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.4 to 0.6 V) 
Green -  aq. H2SO4 1 mol/dm  ^electrolyte (potential window -0.3 to 0.6 V).
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Figure 5-16: Evolution of specific capacitance during 1000 cycles for Super P (Li) carbon 
in NaHS04 and H2S04 (aq., 1 mol/dmS) electrolyte at a scan rate of 10 mV/s.
Blue -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.2 to 0.6 V),
Red -  aq. NaHS0 4 1 mol/dm  ^electrolyte (potential window -0.4 to 0.6 V)
Green -  aq. H2SO4 1 mol/dm  ^electrolyte (potential window -0.3 to 0.6 V).
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5.2.5. Comparison of the Super P (Li) based Composite Electrodes
A comparison of the various composite Super P (Li) based electrodes proved that for 
both the PPy impregnated and dispersed Cs-POM electrodes, the highest capacitance 
was achieved using the H2SO4 (aq., 1 mol/dm^) electrolyte.
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Figure 5-17: Specific capacitance values as a function of scan rate for 
composite Super P (Li) electrodes.
Blue -  aq. NaHS0 4  (1 mol/dm )^, potential window of -0.2 to 0.6 V, 
Red -  aq. NaHSO  ^(1 mol/dm )^, potential window of -0.4 to 0.6 V, 
Green -  aq. H2SO4 (1 mol/dm )^, potential window of -0.3 to 0.6 V,
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Figure 5-17 shows a comparison of the electrodes when tested using different 
electrolytes. The patterns shown by both electrolytes are comparable, showing that as 
the scan rate increases the specific capacitance decreases. The PPy impregnated 
Super P (Li) electrodes have the highest specific capacitance, compared to the Super P 
(Li) carbon, which have the lowest. The ion is smaller in size compared to the Na"^  
ion. The smaller ions will be able to access any smaller pores that may be present, so 
the system achieves a higher capacitance.
Due to the higher capacitances achieved with H2SO4 (aq.) electrolyte it was decided to 
proceed with all electrochemical tests using this as the electrolyte.
5.2.6. Stability of the Super P (Li) based Electrodes during Cycling
The Super P (Li) based electrodes were cycled 1000 times to see how their 
capacitances altered with long-term cycling. This study was completed using H2SO4
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(aq., 1 mol/dm^) as the electrolyte. Figure 5-18 shows a change in pattern compared to 
earlier results (Figure 5-18), with the dispersed Cs-POM Super P (Li) electrode showing 
the highest capacitance results. The dispersed Cs-POM Super P (Li) showed a drop in 
capacitance (83%) over the first 50 cycles. After 800 cycles the specific capacitance 
suddenly increased to 40 F/g, showing instability. This could indicate changes to the 
electrode surface during cycling.
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Figure 5-18: Evolution of specific capacitance during 1000 cycles for Super P (Li) based 
electrodes in H2SO4 (aq., 1 mol/dm^) electrolyte at a scan rate of 10 mV/s.
The PPy impregnated Super P (Li) showed a lower initial capacitance compared to 
dispersed Cs-POM Super P (Li), however after 200 cycles it showed the same specific 
capacitance as Super P (Li) carbon (approximately 10 F/g). This indicated the 
performance of the conductive polymer coating has deteriorated. This unexpected 
behaviour suggests the coating of PPy has been stripped off the Super P (Li).
5.2.7. Summary of Cyclic Voltammetry Results
During analysis using CV it was determined that to achieve the highest specific 
capacitances, the H2SO4 (aq. 1 mol/dm^) electrolyte needs to be used. All further 
electrochemical testing completed during this study will completed using H2SO4 (aq.)
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electrolyte. Super P (Li) carbon gave a low capacitance, but when added to either a 
conducting polymer, or an insoluble POM the capacitance increased. The stability of 
these electrodes can be tested further using galvanostatic cycling and electrochemical 
impedance spectroscopy.
5.3. Galvanostatic Cycling with Electrochemical Impedance Spectroscopy
Galvanostatic cycling of the supercapacitor cells is an established technique used for 
analysing the stability of a cell over time. The performance of the test cell is monitored 
to see if any significant changes occur over thousands of cycles. The cells used 
throughout this chapter were cycled in a two electrode configuration over a potential 
window of 0 to 1 V at a range of current densities (1, 5, 10, 20, 30, 40, 50, 75 and 100 
A/g relative to the mass of the active material, not including the steel support and 
PVDF) over 2000 cycles. For all cells the shape of the charge/discharge profile was the 
expected “saw tooth.”
Electrochemical impedance spectroscopy (EIS) can be used to measure the series 
resistance (Rg) within the supercapacitor cell. Several contributions attribute to the Rg:
o  the electrolyte resistance (including separator);
o  active material resistance;
o active material/current collector interface resistance, and
o binder (5% PVDF present in electrodes).
EIS was used to analyse the Rg in the supercapacitor cells after ten galvanostatic 
cycles at different scan rates. It was also used to analyse the cells at different points 
during stability tests (after 1, 10, 25, 50,100, 500,1000 and 2000 cycles), at 10 A/g.
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5.3.1. Assembly of the Supercapacitor Cells
The supercapacitor cells were assembled using the same method as CV (Section 5.2.1) 
with the exception of the reference electrode. A two electrode configuration was used 
during Galvanostatic cycling.
5.3.2. Super P (Li) Carbon
The cells containing Super P (Li) carbon electrode were analysed using galvanostatic 
cycling to determine how its performance changed over 2000 cycles at various current 
densities. In Figure 5-19, an example charge discharge profile is shown (measured at 5 
A/g, cycles 500 -  502), indicating a good reversibility of the redox process involved in 
the charge/discharge of the electrodes (shown by the symmetry of the “saw tooth”). A 
rapid decrease in potential was observed as the cell began its discharge, due to the 
internal resistances (IR) of the cell. This is termed as the IR drop and can be seen in 
Figure 5-19.
The first IR drop seen in Figure 5-19 occurred over a time period of 0.015634 seconds 
between two data points on the graph. The supercapacitor test cells were made up of 
many components which could add to the internal resistance of the cell. For the Super 
P (Li) test cells the number of separators used was doubled to stop the steel supports 
perforating the separator and creating a short circuit. This would have caused a much 
larger resistance than the usual one that was used during testing.
The sides of the “saw tooth” profile are not smooth indicating the presence of redox 
reactions and therefore proving that pseudocapacitance occurs. The curves seen in the 
“saw tooth” profile are visible at approximately 0.5 V indicating the presence of 
functional groups on the surface of the Super P (Li) such as carboxyl ic acid groups 
(Section 5.2.4).
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Figure 5-19: Galvanostatic charge/discharge curves of Super P (Li) carbon 
electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
The evolution of the specific capacitance over 2000 successive charge/discharge 
cycles (at a range of current densities) is shown in Figure 5-20. A stable behaviour was 
seen at low current densities (1 and 10 A/g), indicated by the constant specific 
capacitance over the 2000 cycles. At 1 A/g the initial capacitance after ten cycles was 
44 F/g, this decreased to 21 F/g over the first 100 cycles, showing a loss in 
performance of 52%. At 10 A/g the initial capacitance was lower, at 9 A/g after ten 
cycles. The test cell stabilised at 7 F/g for the remaining cycles.
As the current density increases further (20 A/g), stability of the cells was no longer 
seen. Instead of showing an initial decrease in specific capacitance before stabilising at 
a constant specific capacitance (as at lower current densities) there was an increase 
over the following 1350 cycles to 15 F/g. The variation seen here in the specific 
capacitance cannot be explained conclusively but there are hypotheses which can be 
considered, e.g. changes could have occurred to the morphology of the Super P (Li) 
electrode during cycling, making more of the pores accessible to the electrolyte.
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Figure 5-20: Evolution of specific capacitance over 2000 cycles for Super P (Li) carbon in 
H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at various
current densities.
Figure 5-21 shows the specific capacitance obtained at various current densities at 
different points of cycling. After 50 cycles a general decrease is seen in the 
capacitance as the current density increases, with a slight increase seen at 40 A/g.
In the literature, examples are shown where the current density increases, and the 
capacitance decreases At the higher current densities the charge/discharge
process is so fast that the number of ions that interact with the surface of the 
electrode decreases, therefore decreasing the capacitance. At 40 A/g an increase is 
seen in the capacitance at all points of cycling. The phenomena cannot be currently 
explained, more investigations need to be carried out to explain these results.
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Figure 5-21 : Variation of specific capacitance over current densities of 1 to 100 A/g for 
Super P (Li) carbon in H2SO4 (aq., 1 mol/dm^) electrolyte through a potential window 
of 0 to 1 V after various numbers of cycles.
EIS was performed at open circuit voltage (OCV) on the assembled asymmetric test 
cells after ten cycles at a range of current densities (Figure 5-22). The impedance plots 
were measured using the frequency range 1000 kHz to 0.01 Hz and an oscillating 
amplitude of 50 mV. The high frequency intersection with the real impedance (Z’) axis, 
determines the series resistance (Rg) of the supercapacitor test cell. This region is
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shown by an insert in Figure 5-22. The low frequency is dominated by a tail, referred to 
as the Warburg impedance due to diffusion effects.
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Figure 5-22: Complex-plane impedance plots of Super P (Li) carbon electrodes after ten 
galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
Figure 5-22 shows the impedance spectra obtained after cycling of the test cell at 100 
A/g. The tail tending towards 90° (with respect to the Z ’ axis) suggesting capacitance is 
the dominant feature compared to the resistance. To be able to study the impedance 
plots for lower current density test cells, the spectra was re-plotted in Figure 5-23 
removing 100 A/g.
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Minimal differences were seen in the Rg at high frequencies (Figure 5-23, insert). 
However in the lower frequency ranges the tails showed the characteristics expected 
for Warburg impedance (equal real (Z’) and imaginary (Z” ) components appearing as a 
linear plot in the complex plane with an angle of 45°), and showed small variations with 
different current densities. A transmission line can aid in understanding the processes 
occurring at the electrode surface (the base and tip of the pores and the walls of the 
pore known as the active interface), mainly focusing on the area known as the active 
interface where the porous surface of the electrode interacts with the electrolyte.
At high frequency (in relation to the transmission line) the impedance per unit pore 
length will be low, and the current will flow through the top capacitor in the pore as this 
offers the lowest impedance route. However, as the frequency decreases the 
capacitance decreases whilst the resistance remains constant, hence the current 
penetrates further along the pore (Figure 5-24).
Bisquert et al. reports an equivalent circuit that models a double-channel transmission 
line (Figure 5-24)^^ '^^®l The configuration consists of a porous electro-active film (Super 
P (Li) carbon) (H2SO4 (aq.) 1 mol/dm^). The electrode is therefore viewed as a mixture 
of two phases that conduct different species (electronic and ionic). The ionic species in 
the pores flooded with electrolyte can be exchanged freely with the bulk solution at the 
mouth of the pore.
In this project possible components have been identified for equivalent circuit modelling 
of the capacitor test cells. Equivalent circuit modelling was not possible although a 
range of circuits were tried (including Randles circuit, transmission line and Bisquert 
line). In order to gain a good fit the inclusion of additional components was needed to 
the above circuits. These components could not be justified and created too many 
variables. Visually a good fit was achieved with the addition of these components, but 
statistically the errors stretched into 1000%. There are many components that make up 
all of the electrodes (support, carbon, polymer binder). These are complex multiple 
charge transfer systems, with different time constants involved for each component 
which is why the circuits became so complex when a fitting was tried. There is no 
unique solution available to solve this problem, without being able to identify each
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component separately. When the components are then all analysed together each 
component will affect all others making them too complicated to analyse.
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Figure 5-23: Complex-plane impedance plots of Super P (Li) carbon electrode after ten 
galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
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Figure 5-24: Scheme of porous electrode. The equivalent circuit is characterised by the 
elements x1 , x2 and (. The impedance x1 is that of the liquid paths, x2  is that of the solid 
network, and Ç is the impedance of the solid/liquid interface.
The curve of the tails in Figure 5-23 shows that at low frequency (2 to 0.01 Hz) the 
system is tending towards the Z ’ axis showing that resistance is the now dominant 
feature. As the current travels through the pore with the capacitance decreasing the 
resistance becomes the more dominant component.
EIS was also performed on an assembled asymmetric test cell after cycling at 10 A/g 
with spectra being collected after various numbers of cycles. Figure 5-25 showed that 
as the number of cycles increases the “tail” tends further towards 90- (with respect to 
the Z’ axis) indicating the overall behaviour at low frequencies becomes more 
capacitive.
The impedance plots are also similar in shape to those seen Figure 5-23. This does not 
explain how after 1000 cycles the electrode behaviour no longer followed the above 
pattern (though this shortened in length (the tail) and seemed to tend more towards the 
71 axis). This could indicate movement of the electrolyte. After 1000 cycles many of the 
pores are no longer accessible to the electrolyte, then after 2000 cycles, further 
movement has re-arranged the surface of the electrode to open up even more of the 
pores so the behaviour of the electrode becomes even more capacitive.
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Figure 5-25: Complex-plane Impedance plots of Super P (LI) carbon electrode cycled at 10
A/g In H2S04 (aq., 1 mol/dm3) after various numbers of cycles.
5.3.3. Polypyrrole Impregnated Super P (Li)
The PPy impregnated Super P (Li) electrode (fabricated using PM012/P2M018 anions 
and PPy -  Chapter 3, Section 3.3.3.) was analysed using galvanostatic 
charge/discharge tests. In Figure 5-26 the shape of the “saw tooth” diagram 
representing the charge/discharge process has altered. The IR drop has decreased 
drastically compared to that seen in Figure 5-19, for Super P (Li) carbon electrodes if it
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is assumed to be between the first two data points representing the discharge (0.16127 
seconds). This indicated the resistances within the test cell have decreased compared 
to the Super P (Li) test cell. The IR drop may not be this simple though as there are 
many components involved in the electrode material (polypyrrole, PM012/P2M012 and 
Super P (Li)). Each component may have different time components, therefore 
producing a more complicated IR drop which could cover the entire vertical section of 
the discharge (For first peak, 0.0797608 seconds). All the redox processes occur at 
less than 0.6 V indicating that for future work the potential region used for these 
samples should cover the range over 0 to 0.6 V. This would omit the region where the 
IR drop currently occurs.
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Figure 5-26: Galvanostatic charge/discharge curves of PPy impregnated Super P (Li)
carbon electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
Figure 5-27 demonstrates the evolution of the specific capacitance over 2000 cycles. 
At 1 A/g the initial capacitance (46 F/g) rapidly decreases to 20 F/g showing a loss of 
65% performance, where stability is maintained. A similar pattern is seen at 10 and 30 
A/g with the specific capacitance stabilising after 100 cycles. When the current density 
is increased to 75 A/g the initial capacitance decreases to 13 F/g loosing 57% 
performance followed by a gradual increase over the remaining 1900 cycles reaching 
up towards 35 F/g in capacitance.
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When the applied current density was compared to the calculated specific capacitance 
at different charge/discharge cycles (Figure 5-28), patterns were seen. Figure 5-28 
showed a decrease in capacitance as the current density increased after 50 cycles. 
This indicates there is not enough time for the Fl^  ions to reach the electrode surface 
and react with the PM012/P2M018 anions as the current density increases.
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Figure 5-27: Evolution of specific capacitance over 2000 cycles for PPy impregnated 
Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at
various current densities.
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At 100 A/g the specific capacitance is seen to increase at all points of cycling. This 
could be due to movement of the electrode surface during cycling, making a larger area 
of surface area available to the ions in the electrolyte.
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Figure 5-28: Variation of specific capacitance over current densities of 1 to 100 A/g for 
PPy impregnated Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential 
window of 0 to 1 V after various number of cycles.
Figure 5-29 shows impedance spectra for the PPy impregnated Super P (Li) 
asymmetric test cells. The shapes of these plots are different to those seen in Figure
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5-23 , with low frequency tails tending further towards the imaginary (Z’) axis. At 1, 10 
and 100 A/g the behaviour of the electrodes was very similar but at 50 A/g the tail 
tended even further towards the Z” axis showing capacitance is dominating the 
impedance plot.
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Figure 5-29: Complex-plane impedance plots of PPy impregnated Super P (Li) electrode 
after ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current
densities.
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At higher frequencies (Figure 5-29, insert) the resultant plots show a low Rs value. 
Minimal differences were seen in the Rs at various current densities; at low current 
densities a high frequency distorted semi-circle was seen.
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Figure 5-30: Complex-plane impedance plots of PPy impregnated Super P (Li) electrode 
after ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte after various numbers
of cycles.
At 10 A/g the asymmetric test cell was analysed using EIS at various points throughout 
2000 cycles (Figure 5-30). The results showed that the resistance and capacitive 
behaviour did not change with cycling, with the exception of 500 cycles. This difference
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could be attributed to movement of the electrode surface making the pores become 
more accessible again. With the behaviour of the electrode becoming more capacitive 
(tends back towards Z” axis).
The equivalent circuit could not be determined for the PPy impregnated Super P (Li) 
electrodes due to their complex nature. The electrodes are comprised of many 
components: carbon, conductive polymer, POM, polymer binder and steel support, 
creating complex multiple component charge-transfer systems. This will also follow for 
the dispersed Cs-POM Super P (Li) electrodes.
5.3.4. Dispersed Polyoxometalate on Super P (Li)
The galvanostatic charge/discharge cycling tests were repeated for dispersed Cs-POM 
Super P (Li). Figure 5-31, shows the “saw tooth” diagram showing the 
charge/discharge profile of the cell over three cycles. This profile indicates a good 
reversibility for the system.
1.2
0.4
0.2
-0.2
17420 17440 17460 
Time (s)
17480 17500
Figure 5-31 : Galvanostatic charge/discharge curves of dispersed Cs-POM Super P (Li)
carbon electrodes at 5 A/g over three cycles (500, 501 and 502 cycles). 
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
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A small IR drop is seen indicating low resistances in the test cell compared to Figure 
5-19 if the drop is identified between the first two points of discharge (0.0149454 
seconds). But again several components that make up the electrode (Super P (Li) and 
Cs-PMoi2 and CS-P2M018) creating a more complicated IR drop due to different time 
components. The IR drop for this sample could actually involve the whole of the vertical 
drop seen during discharge (involving 18 points on the graph over a time period of 
1.046335 seconds). Similar to the PPy impregnated Super P (Li) the redox processes 
occur below 0.5 V, indicating that future testing should occur using a potential window 
of 0 to 0.6 V.
At low current densities (1, 10 and 30 A/g) the supercapacitor cell shows a good 
stability over 2000 cycles (Figure 5-32). At 1 A/g the initial capacitance was 76 F/g, this 
decreased over 2000 cycles to 34 F/g (55% performance loss). At 10 A/g the initial 
capacitance was higher (95 F/g) relative to that of 1 A/g with the loss of specific 
capacitance over 2000 cycles was lower (34%), stabilising at approximately 66 F/g. At 
30 A/g the overall capacitance was much lower starting around 42 F/g and stabilising at 
30 F/g.
As the current density increases to 40 A/g the cell performance deteriorates, eventually 
stabilising at 30 F/g after 1000 cycles. The instability seen at 40 A/g could be due to a 
settling period where a period of time was needed for the electrolyte to access all 
available pores. The dispersed Cs-POM Super P (Li) cell achieves a good stability 
using F12S0 4  (aq., 1 mol/dm^) electrolyte.
Figure 5-33 shows the calculated specific capacitance values obtained at various 
current densities at different points of cycling. After 50 cycles the specific capacitance 
increased with current densities up to 10 A/g before decreasing and increasing again 
with current densities up to 100 A/g. These results do not follow patterns seen in the 
literature where the specific capacitance decreased as the current density increased 
Though these patterns can not be explained the supercapacitor cells produce the 
highest specific capacitance at 10 A/g maintaining a good stability during cycling.
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Figure 5-32: Evolution of specific capacitance over 2000 cycles for dispersed Cs-POM 
Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at
various current densities.
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Figure 5-33: Variation of specific capacitance over current densities of 1 to 100 A/g for 
dispersed Cs-POM Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential 
window of 0 to 1 V after various numbers of cycles.
The EIS results provide further information on the dispersed Cs-POM Super P (Li) 
hybrid asymmetric test cell at a range of current densities. At high frequencies (Figure 
5-34, insert) there is minimal differences seen in the Rg. A high frequency semi-circle is 
seen indicating that the Cs-POM coating adds to the electronic resistance in the cell. 
This is referred to as an RC element combining resistance and capacitance in parallel. 
At 1 A/g the tail tends towards the Z’ axis showing the resistance is playing a strong role
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within the test cell. A transmission line used to demonstrate the porous structure of the 
electrode (as seen in Figure 5-24). As the current travels further into the pore, the 
capacitance decreases, leaving the resistance to become the dominant component in 
the transmission line. At higher current densities the current behaviour becomes more 
capacitive.
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Figure 5-34: Complex-plane impedance plots of dispersed Cs-POM Super P (Li) electrode 
after ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current
densities.
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The test cell was analysed at 10 A/g with impedance spectra being completed at 
various cycle numbers throughout the 2000 cycle regime (Figure 5-35). As the number 
of cycles increased (1 to 25) an initial decrease was seen in the capacitive behaviour 
(the low frequency tail tended towards the Z’ axis). As the cycle numbers increased 
further the behaviour once again became more capacitive, indicating movement of the 
electrode surface during cycling, making the pores more accessible to the electrolyte.
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Figure 5-35: Complex-plane impedance plots of dispersed Cs-POM Super P (Li) electrode 
after ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte after various cycle
numbers.
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5.3.5. Comparison and Summary of Galvanostatic Cycling and Electrochemical 
Impedance Spectroscopy
Galvanostatic cycling has been used to test the stability of the electrodes when placed 
in a supercapacitor test cell. The test cells for all three types of electrode (carbon, 
impregnated and dispersed Cs-POM electrodes) were stable at 10 A/g therefore this 
current density was used to compare the capacitance of the test cells (Figure 5-36). 
The highest capacitance was achieved by the dispersed Cs-POM Super P (Li) test cell 
(stable at approximately 75 F/g). The PPy impregnated Super P (Li) stabilised at 40 F/g 
showing a much lower capacitance. The lowest capacitance was produced by Super P 
(Li) carbon test cells at less than 10 A/g. The limiting factor for the specific capacitance 
seems to be the Super P (Li), as with the addition of PPy, or Cs-POM the specific 
capacitance increased.
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Figure 5-36: Evolution of specific capacitance over 2000 cycles for composite Super P (Li) 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g.
In Chapter 3 the percentage of carbon, present in the composite materials compared to 
PM012/P2M018, was discussed. For the dispersed Cs-POM Super P (Li) composite, the 
percentage of the carbon present was 63%, while for the PPy impregnated Super P (Li) 
it was 84% (including carbon from PPy coating). By decreasing the amount of carbon 
and increasing the amount of POM present in the composite materials higher
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capacitances may be achieved. The differences in these values could go a long way to 
explaining the differences seen in capacitance. If these composite electrodes could be 
fabricated using much less carbon the capacitance may be increased further.
Ragone plots are graphs which relate the power density (strength/wattage of a given 
current and voltage combination) of an energy storage device (ESD) to the available 
energy density (duration of time that wattage can be applied) These can be used 
to compare different types of ESDs, or to compare a specific ESD of one type (e.g. 
supercapacitors). In this particular case, supercapacitor test cells were compared 
which contain composite Super P (Li) electrodes (Figure 5-37). It must be stated that 
the obtained results do not take into account the mass of the whole supercapacitor test 
cell, just the mass of the active materials contained within it.
In the literature typical Ragone plots show that as the current density increases, the 
energy density and thus the power density decrease^^°l This is accounted for by an 
increase in internal losses^^^'^°l The energy and power densities here do not follow this 
pattern, increasing with the current density instead. This could indicate these materials 
are most suitable for load-levelling devices that function at higher current densities 
where a boost of power is needed.
Interestingly the Super P (Li) carbon electrodes provide the highest power density, but 
with the coatings containing POM the energy density is increased. The energy density 
and power densities of the particular samples reported here are relatively low compared 
to commercial supercapacitors. A decrease in the carbon content as mentioned above 
may increase the power and energy densities.
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Figure 5-37: Ragone Plot of composite Super P (Li) electrodes where the energy and 
power densities were calculated using masses of active component. The numbers on the 
plots at each point represent the current density, (A -  1 to 100 A/g and B -  1 to 30 A/g).
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5.4. Summary of Electrochemical testing of Super P (Li) based Composite 
Electrodes
Chapter 5 has investigated the ability of composite Super P (Li) electrodes to store 
electrical energy by using a variety of techniques (CV, galvanostatic cycling and EIS). 
CV was used to determine which electrolyte would be used throughout all 
electrochemical testing by comparing aq. NaHS0 4  and aq. H2SO4 (1 mol/dm^). Results 
showed that H 2 S O 4  (aq.) electrolyte achieved the highest specific capacitances, with 
the highest degree of stability, due to the smaller size of the ions being able to 
access a larger area of the surface area.
CV determined that the highest specific capacitance was achieved by the PPy 
impregnated Super P (Li) test cell, whereas the galvanostatic cycling showed that the 
dispersed Cs-POM Super P (Li) test cell showed the highest specific capacitance 
values. This difference in specific capacitance could be attributed to changes to 
conditions in the laboratory (temperature, humidity etc). These electrodes were cycled 
2 0 0 0  times using galvanostatic cycling and showed a good stability at low current 
densities. EIS showed that the tests cells were characterised by very low Rg values, but 
other numerical data could not be obtained as equivalent circuits could not be fitted to 
the data due to the complexity of the multi-component systems used.
The following two chapters will discuss the results for the composite multiwalled carbon 
nanotube (MWNT) and vapour grown carbon fibre (VGCF) electrodes, using the same 
techniques for electrochemical analysis. Comparisons between all electrodes will be 
examined in Chapter 8 .
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Chapter 6. Electrochemical Testing of Composite Materials containing MWNTs
6.1. Introduction
Multiwalled carbon nanotubes (MWNT) in composite electrodes were analysed using 
(1) cyclic voltammetry (CV), (2 ) galvanostatic cycling and (3) electrochemical 
impedance spectroscopy (EIS). The techniques were used to test the ability of these 
composite materials to store electrical energy and their stability during cycling.
The MWNT electrodes were fabricated using the filtration method (discussed in 
Chapter 4, Section 4.3.2.) where the active material (the carbon and either the 
conducting polymer or the immobilised polyoxometalate) was sonicated in ethanol for 
one hour, before being poured through a glass fibre filter paper (same material as the 
separators used in the assembly of the CV and Galvanostatic testing cells). The 
MWNTs form an intertwined mat across the surface of the filter paper, before being air 
dried in a dessicator. The electrodes formed had a 13 mm diameter. Due to the 
method of fabrication a binder did not need to be used. The counter electrode 
comprised of self-supported Darco G60, polyvinylidene fluoride (PVDF) and Graphite at 
a ratio of 85:5:10. The electrolyte used throughout this study was H2SO4 
(aq., 1 mol/dm^). These methods were discussed in further detail in Chapter 4 .
The electrodes analysed throughout Chapter 6  were:
o MWNTs Carbon;
o polypyrrole (PPy) impregnated MWNTs and 
o dispersed caesium polyoxometalate (Cs-POM) MWNTs.
All experiments were performed in triplicate throughout this chapter; with the specific 
capacitance (F/g) being calculated with reference to the active composite material used 
in the fabrication of the electrode (excludes mass of glass fibre filter paper).
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6.2. Cyclic Voltammetry
Investigations were carried out using CV to determine the electrochemical processes 
occurring at the electrode/electrolyte interface. The redox peaks can be used to identify 
the type of capacitance, and any redox processes that occur during cycling. CV plots 
discussed in the literature for MWNT electrodes have rectangular shapes^^l If the 
MWNTs have been functionalised, therefore containing carboxylic moieties, redox 
peaks would be additionally seen to be present representing the reduction and 
oxidation of the oxygen containing functional groups. The MWNT based composite 
electrodes should also show faradaic peaks representing the PM012/P2M018 anions.
6.2.1. Assembly of the Supercapacitor Cells
A 13 mm diameter disc of self-supported Darco G60 carbon film was cut and 
assembled with the glass fibre supported MWNT electrode in the test cell. A glass fibre 
separator (15 mm diameter) pre-soaked in the chosen electrolyte (aq., 1 mol/dm^) was 
used in between the Darco G60 and MWNT electrode. The design of the test cell is 
shown in Chapter 2, Figure 2-8. Each cell was assembled using a constant torque of 
2 N.m. A slight excess of electrolyte was added before beginning testing.
6.2.2. Polypyrrole Impregnated Multiwalled Carbon Nanotubes
The MWNTs were impregnated with PM012/P2M018 anions and PPy revealing a CV plot 
with seven redox peaks present. Electrochemical investigations were carried out using 
CV between potentials -0.3 and 0.6 V versus Ag/AgCI(sat) at a range of scan rates 
(1 to 100 mV/s). This potential window was chosen as redox activity was shown in this 
region as demonstrated by the peaks present in Figure 6-1. These peaks are 
characteristic of the PM012 and P2M018 anions. The redox reactions involved in 
producing these peaks are shown in Chapter 5, Figures 5 -2  and 5-3.
The low intensity peak seen at 0.49 V could be characteristic of PPy. The peak is 
partially masked by a oxidation peak characteristic of the PM012/P2M018 anions, visible
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at 0.38 V due to the broadness of the anions peaks At scan rates lower than 
100 mV/s the peak present at -0.05 mV/s splits into two peaks. At faster scan rates the 
peaks are larger, with the peak seen at -0.02 V masking the smaller peak at -0.09 V. 
The number of peaks present and the positions indicate the redox peaks maybe 
representative of both the PM012 and P2M018 anions (3 peaks representing each anion). 
This was discussed in further detail in Chapter 5 Section 5.2.2.
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Figure 6-1 : CV of PPy Impregnated MWNTs In H2SO4 (aq., 1 mol/dm )^ electrolyte.
Normalisation of the CV plots with respect to scan rate showed plots that could not be 
superimposed, thereby indicating the capacitance is dependent on scan rate and the 
device does not exhibit ideal capacitance (Appendix 0, Figure 0-9 ).
6.2.3. Dispersed Polyoxometalate on Multiwalled Carbon Nanotubes
Dispersed Cs-POM MWNTs (fabricated using Cs3(PMoi2 0 4 o)-nH2 0 ) created an 
electrode for use in asymmetric supercapacitors. Electrochemical investigations were 
carried out using CV between potentials -0.3 and 0.6 V versus Ag/AgCI(sat) at a range of 
scan rates (1 to 100 mV/s) as shown in Figure 6-2. This potential window was chosen 
as the region showed the redox activity that represents the processes occurring at the 
electrode surface.
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Initial examination of the CV plot shows broader peaks than seen previously. The six 
peaks could represent the anions PM012 and P2M01 8 . The two anions each have their 
own set of three peaks, in similar positions to each other. The redox processes which 
produce the corresponding peaks were shown in Figures 5-2 and 5-3. Normalisation 
of the CV plots with respect to scan rate proved plots could not be superimposed and 
therefore were dependent on scan rate (Appendix C, Figure C-10).
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Figure 6-2: CV of dispersed MWNTs in H2SO4 (aq., 1 mol/dm )^ electrolyte.
6.2.4. Multiwalled Carbon Nanotubes
The electrochemical properties of the MWNT carbon were initially investigated using CV 
between potentials -0.1 and 0.8 V versus Ag/AgCI(sat) reference at a range of scan rates 
between 1 and 100 mV/s (Figure 6-2). It would have been preferable to use the same 
potential window for all electrodes, but the MWNT electrode needed a potential window 
at higher voltages. The assembled test cell containing the MWNT electrode had a 
rectangular form that is characteristic of a double layer process, with no faradaic
processes [10]
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Figure 6-3: CV of MWNT carbon in H2SO4 (aq., 1 mol/dm )^ electrolyte.
Normalisation (with respect to scan rate) showed that above 5 mV/s the plots were 
similar in form, while varying in area. At 1 mV/s the shape of the plot deviates away in 
form from all other plots. These results show that the MWNT electrode is a non-ideal 
capacitor and is therefore scan rate dependent (discussed previously in 
Chapter 5, Section 5.2.2.)
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Figure 6-4: Normalisation of the CV with respect to scan rate for MWNTs 
in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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6.2 .5 . Com parison of Multiwalled Carbon Nanotube based Com posite Electrodes
A comparison of the composite MWNT electrodes was completed by plotting scan rate 
versus the calculated specific capacitance of each electrode. The general trend for all 
electrodes shows a decrease in capacitance as the scan rate increased. With an 
increased scan rate there is not enough time for the cations to reach the electrode 
surface and react.
The MWNT electrode produced the lowest specific capacitance at (10± 2 F/g). The 
PPy impregnated MWNT electrode reached approximately 240 F/g at 1 mV/s and as 
the scan rate increased the specific capacitance decreased, losing approximately 58% 
of its storage performance. The dispersed Cs-POM MWNT electrode produced a 
specific capacitance of 350 F/g at 1 mV/s, but lost 57% of its performance. Therefore at 
higher scan rates the specific capacitance stabilised at approximately 175 F/g. The test 
cell which showed the highest capacitance used the dispersed Cs-POM MWNT 
electrode. The addition of the coatings to the untreated MWNT electrode increased the 
capacitance.
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Figure 6-5: Specific capacitance values as a function of scan rate for 
MWNT electrodes in H2SO4 (aq., 1 mol/dm^) electrolyte.
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Each electrode completed a long-term cycling study to determine the effects of cycling 
on the specific capacitance. The MWNT carbon electrode showed a constant specific 
capacitance (10 F/g) over 1000 cycles at 10 mV/s. The PPy impregnated MWNT 
electrode lost 50% of its storage capability during the cycling study, while the dispersed 
Cs-POM MWNT electrode lost 56%. The specific capacitance for the dispersed Cs- 
POM MWNT electrode was much higher than expected (expected value 130 F/g) at 
450 F/g. The result cannot currently be explained.
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Figure 6 -6 : Evolution of specific capacitance during 1000 CV cycles for MWNT 
electrodes in H2SO4 (aq., 1 mol/dm )^ eiectrolyte, at a scan rate of 10 mV/s.
6.2.6. Summary of Cyclic Voltammetry Results
The highest specific capacitance was achieved using the dispersed Cs-POM MWNT 
electrodes, whereas the MWNT carbon electrode showed the lowest capacitance. By 
creating composite electrodes using conducting polymers and polyoxometalates the 
specific capacitance of the composite is larger. These electrodes can be tested further 
using galvanostatic cycling (stability) and impedance studies.
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6.3. Galvanostatic Cycling with Electrochemical Impedance Spectroscopy
Galvanostatic cycling was used to calculate the specific capacitance and monitor the 
stability of the composite MWNT electrodes during cycling. The cells tested throughout 
this chapter were cycled in a 2-electrode configuration, over a potential window of 0 to 1 
V at a range of current densities (1,5, 10, 20, 30, 40, 50, 75 and 100 A/g relative to the 
mass of the active material, not including the glass fibre filter paper support) over 2000 
cycles.
Electrochemical impedance spectroscopy (EIS) was used to analyse the series 
resistance (Rg) at various current densities after 10 galvanostatic cycles, and after 
various numbers of cycles using a current density of 10 A/g. The impedance plots were 
measured using the frequency range 0.01 Hz to 1000 kHz and an oscillating amplitude 
of 50 mV.
6.3.1. Assembly of the Supercapacitor Cells
The supercapacitor test cells were assembled following the method use in Section 6.2.1 
with the excess electrolyte.
6.3.2. Multiwalled Carbon Nanotubes
The MWNT carbon electrode was analysed using galvanostatic cycling to determine the 
stability of the electrodes in the test cell over 2000 cycles. The charge/discharge profile 
is shown in Figure 6-7, (measured at 5 A/g, cycles 500 to 502) indicating the processes 
occurring were reversible. The internal resistances (IR) of the cell were small (Figure 
6-7) indicating small resistances within the supercapacitor test cell.
183
Chapter 6. Electrochemical Testing of Composite Materials containing MWNTs
1.2
0.4
0.2
-0.2
7687 7697 7707 7717 7727
Time (s)
Figure 6-7: Galvanostatic charge/discharge curves of MWNT carbon
electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
The stability of the MWNT carbon supercapacitor test cell was monitored over 2000 
cycles at various current densities (Figure 6-8). At 1 A/g a stable behaviour was seen, 
with no loss in performance. Throughout the 2000 cycles the test cell was stable at 31 
F/g. At 10 A/g an increase was seen in the specific capacitance from 41 F/g to 48 F/g 
during the 2000 cycles.
As the current density increased to 75 A/g the specific capacitance increased 
throughout cycling from 30 to 126 F/g. This increase in specific capacitance may be 
due to an increase in the number of pores accessible by the electrolyte due to the 
movement of the electrodes surface, MWNTs swell when they come into contact with 
liquids
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Figure 6 -8 : Evolution of specific capacitance over 2000 cycles for 
MWNT carbon electrode in H2SO4 (aq., 1 mol/dm )^ electrolyte through a 
potential window of 0 to 1 V at various current densities.
Figure 6-9 shows how the specific capacitance varied during cycling at different current 
densities. After 50 cycles the capacitance seems to be stable at approximately 38 F/g 
at most scan rates, though an increase was noted at 20 A/g.
185
m
î
&
Q
Chapter 6. Electrochemical Testing of Composite Materials containing MWNTs
160
120
80
40
0
120
90
60
30
0
80
60
40
20
0
80
60
40
20
0
2000 Cycles
1000 Cycles
200 Cycles
♦  ♦
50 Cycles
♦  ♦ ♦  ♦
20 40 60 SO
Discharge Current (A/g)
100
Figure 6-9: Variation of specific capacitance over current densities of 1 to 100 A/g for 
MWNT carbon in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V
after various numbers of cycles.
As the number of cycles increases (200, 1000 and 2000 cycles) the pattern followed 
similar trends to that after 50 cycles. At low current densities (1 and 5 A/g) the specific 
capacitance shows similar values (approximately 30 F/g), this then increased with 
current density (10 and 20 A/g). The specific capacitance decreased at 30 A/g before 
increasing again with current density. This pattern is not consistent with those seen in 
the literature, where the specific capacitance decreases as the current density is
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increased^^^'^'^l This was discussed further in Chapter 5, Section 5.3.2. The differences 
in capacitance may be due to movement of the electrode surface altering the number of 
pores accessible to the electrolyte during cycling.
EIS was performed on the test cells to identify and evaluate the contributions which 
attribute to the series resistance (Rs), such as the electrolyte resistance, active material 
resistance, binder and the resistance of the electrolyte/electrode interface. The 
assembled test cells completed ten galvanostatic cycles, at a range of current densities, 
before being analysed using EIS.
The Rs seen at high frequency was very low for all current densities (approximately 
0.1 to 0.2 ohm), as shown in the insert in Figure 6-10. At low frequencies a “tail” 
dominates the impedance plot referred to as a Warburg element and accounts for 
diffusion at the porous surface of the electrode. As the frequency becomes very low 
(tending towards 0.01 Hz) the tail curves towards the real (Z’) axis.
The Warburg tail can be represented by a transmission line consisting of capacitors and 
resistors. Transmission lines were discussed in more detail in Chapter 5, Section 5.3.2. 
The curve in the transmission line is due to the depth of the pore; further into the pore 
the impedance will increase and the capacitance will decrease. Eventually the 
resistance will become dominant over the capacitance causing the tail to curve back 
towards the T  axis.
As the current density is increased from 1 to 10 A/g the tail tends further towards the 
imaginary (Z”) axis showing a more capacitive behaviour. This behaviour becomes 
more resistive (tends towards Z ’ axis) at 50 A/g before becoming more capacitive again 
at 100 A/g. A possible hypothesis to explain this is movement of the electrode surface 
occurring at various degrees depending on the current density.
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Figure 6-10: Complex-plane Impedance plots of MWNT carbon electrode after ten 
galvanostatic cycles In H2SO4 (aq. 1 mol/dm )^ electrolyte at various current densities.
Impedance plots were also recorded for assembled test cells that were cycled 2000 
times at 10 A/g. Impedance plots were gained after different numbers of cycles. The 
shapes of the impedance plots are similar to those discussed above. As the number of 
cycles increases the curves tend further towards the imaginary (Z” ) axis.
After one cycle the tail tends further towards the Z” axis, but after 2000 cycles the tail 
tends back towards the Z  axis. As the number of cycles increases more of the surface 
area of the electrode becomes accessible to the electrolyte. After 2000 cycles the
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electrode movement decreases, with the available pores limiting the capacitive 
behaviour of the electrodes.
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Figure 6-11 : Complex-plane Impedance plots of MWNT carbon electrode cycled at 10 A/g 
in H2SO4 (aq., 1 mol/dm )^ electrolyte after various numbers of cycles.
6.3.3. Polypyrrole Impregnated Multiwalled Carbon Nanotubes
The PPy impregnated MWNT electrodes were fabricated using PM012/P2M018 anions 
and PPy as seen in Chapter 3, Section 3.3.2. Figure 6-12, shows the “saw tooth”
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profile over three successive cycles with a small IR drop. The form shows that the 
electrodes were undergoing reversible reactions (due to the symmetry of the “saw 
tooth”) with peaks on the sides of the “saw tooth” corresponding to the faradaic peaks 
on the CV plots (Section 6.2.2.). These peaks all occur below 0.5 V, indicating that 
future testing should occur using the potential window of 0 to 0.6 V.
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Figure 6-12: Galvanostatic charge/discharge curves of PPy impregnated
MWNT electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
The stability of the PPy impregnated MWNT electrodes was analysed at various current 
densities (Figure 6-13). At low current densities (1 to 10 A/g) the initial loss of 
capacitance was minimal and stable over 2000 cycles. The capacitance was increased 
as the current density increased (1 A/g -  stable at 30 F/g, 10 A/g -  stable at 40 F/g). At 
30 A/g the capacitance was stable at approximately 40 F/g, but over the last 400 cycles 
an increase of approximately 10 F/g was seen. The pattern follows up until 100 A/g 
where an increase in specific capacitance was seen over the 2000 cycles.
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Figure 6-13: Evolution of specific capacitance over 2000 cycles for impregnated MWNTs 
in H2SO4 (aq., 1 mol/dm^) electrolyte through a potential window of 0 to 1 V at various
current densities.
Figure 6-14 shows current density versus specific capacitance at different cycle 
numbers. At all points monitored during the 2000 cycles the specific capacitance 
seemed stable at current densities, however at 100 A/g there is a large increase in the 
capacitance.
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Figure 6-14: Variation of specific capacitance over current densities of 1 to 100 A/g for 
PPy impregnated MWNTs in H2SO4 (aq., 1 mol/dm^) electrolyte through a potential window 
of 0 to 1 V after various numbers of cycles.
Impedance plots were completed after ten galvanostatic cycles at various current 
densities (Figure 6-15). These plots have tails (Warburg) in the low frequency region 
which tend towards 90° (with respect to the Z’ axis).
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Figure 6-15: Complex-plane impedance plots of PPy impregnated MWNT electrodes after 
ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
As the current density increases the tail tends further towards the Z’ axis suggesting the 
resistance in the pores is dominating over the capacitance as demonstrated in 
Chapter 5 - Section 5.2.5. This indicates that lower current densities should achieve a 
higher capacitance for the supercapacitor test cell. In the high frequency region the Rg 
for all current densities is low at approximately 0.1 ohms.
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Figure 6-16: Complex-plane Impedance plots of PPy Impregnated MWNT electrode cycled 
at 10 A/g In H2SO4 (aq., 1 mol/dm )^ after various numbers of cycles.
Impedance plots were produced for various cycle numbers at 10 A/g (Figure 6-16). At 
high frequencies the Rg values were low approximately 0.2 ohms. As the cycle number 
increases there is very little change in the shape and position of the impedance plots, 
showing alterations to the electrode surface as cycling progresses, and the resistances 
within the cell being minimal.
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6 .3 .4 . D ispersed Polyoxom etalate on Multiwalled Carbon Nanotubes
Dispersed Cs-POM MWNT electrodes (fabricated using PM012/P2M018 anions and 
caesium chloride) were cycled galvanostatically, producing “saw tooth” profiles as 
shown in Figure 6-17.
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Figure 6-17: Galvanostatic charge/discharge curves of dispersed Cs-POM 
MWNT electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
Figure 6-17 shows three charge/discharge cycles, revealing the dispersed Cs-POM 
MWNT electrodes show the reversible nature of the electrodes. On initial analysis the 
IR drop was so small it could not be seen clearly on the graph (between first two points 
of discharge). This may not be the true IR drop though due to the many components 
involved in the electrodes (PPy, PM012 and MWNTs). The true IR drop may be 
represented in the vertical drop seen between 1 V down to 0.4 V. As the redox 
reactions occur below 0.4 V the potential window can be altered to 0 to 0.5 V
The stability of the capacitance was analysed by the evolution over 2000 cycles. At 
1 A/g the specific capacitance steadily decreased from approximately 90 to 50 F/g over 
the remaining 1990 cycles. A good stability was also seen at 10 A/g with the loss of
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performance throughout the 2000 cycles being minimal. The specific capacitance was 
stable at approximately 80 F/g.
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Figure 6-18: Evolution of specific capacitance over 2000 cycles for dispersed Cs-POM 
MWNT in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at
various current densities.
At 30 A/g the pattern changed showing an increase in capacitance from 50 F/g to 
approximately 90 F/g over the first 200 cycles, before decreasing to approximately 40 
F/g over the following 1000 cycles and then stabilising for the final 800 cycles at
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approximately 40 F/g. This pattern was followed until the current density reached 
100 A/g; the specific capacitance increased throughout cycling from 50 F/g to 100 F/g. 
The initial increase in specific capacitance is due to a “settling” period where movement 
of the electrode occurs allowing the electrolyte to access more pores, therefore 
increasing the specific capacitance of the electrodes.
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Figure 6-19: Variation of specific capacitance over current densities of 1 to 100 A/g for 
dispersed Cs-POM MWNT in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential 
window of 0 to 1 V after various numbers of cycles.
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Plots showing how specific capacitance altered with current density are shown in Figure 
6-19 at different stages of cycling. After 50 cycles it becomes apparent that at low cycle 
numbers the (50, 200 and 1000 cycles) specific capacitance seems to be independent 
of the current density used as there is no increase/decrease as the current density 
increases.
Impedance plots were studied at different current densities after ten galvanostatic 
cycles (Figure 6-20). At high frequencies the Rg is approximately 0.1 ohms for all 
current densities. At low frequencies the Warburg tails are similar, showing there are 
limited changes occurring as the current density is increased.
At 10 A/g impedance plots were recorded after different cycle numbers over the 2000 
galvanostatic cycles. The shape of the tail at low frequencies tends towards the Z ’ axis 
but as the number of cycles increases the tail tends further towards the Z” axis, 
showing capacitance to be the more dominant feature in the equivalent circuit. This 
could be due to the electrolyte being able to penetrate further into the pores with 
cycling, therefore increasing the capacitance.
198
Chapter 6. Electrochemical Testing of Composite Materials containing MWNTs
-200
-150
-100
N
?  -3
-50
Z ' (ohm)
50 100 150 200
Z ' (ohm)
♦ 1  A/g ■  30 A/g •  100 A/g
Figure 6-20: Complex-plane impedance plots of dispersed Cs-POM MWNT electrode after
ten galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
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Figure 6-21 : Complex-plane Impedance plots of dispersed Cs-POM MWNT electrode 
cycled at 10 A/g In H2SO4 (aq., 1 mol/dm )^ after various numbers of cycles.
6.3.5. Comparison and Summary of Galvanostatic Cycling and Electrochemical 
Impedance Summary
Three different types of MWNT based composite electrode (carbon, impregnated and 
dispersed electrodes) were tested using galvanostatic cycling. Comparison of the 
composite electrodes occurred at 10 A/g over 2000 cycles. The highest capacitances 
were achieved by the dispersed Cs-POM MWNTs (stable at approximately 80 F/g) as
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shown in Figure 6-22. The PPy impregnated MWNTs stabilised at approximately 
40 F/g, half the capacitance achieved by the dispersed Cs-POM MWNT test cell. This 
indicated that the PPy coating was not increasing the specific capacitance of the MWNT 
to the same degree as the dispersed Cs-POM MWNT electrodes. The lowest 
capacitance was produced by the untreated MWNT electrodes.
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Figure 6-22: Evolution of specific capacitance over 2000 cycles for composite MWNT 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g.
The dispersed Cs-POM MWNTs composite material contained 53% carbon, compared 
to the PPy impregnated MWNTs which contained 74% carbon. Of the 74% carbon 
approximately 5% comes from the PPy, showing that percentage of MWNTs present 
was higher and therefore limiting the capacitance. If the composite materials could be 
fabricated limiting the amount of MWNTs used the overall capacitance could be 
increased.
The Ragone plot shown in Figure 6-23 relates the power density of the energy storage 
device to the available energy density. The data shown does not take into account the 
mass of the entire supercapacitor test cell just that of active material used in the 
composite electrodes. The dispersed Cs-POM MWNT electrode produced the highest 
specific energy density, whereas the MWNT carbon produces the highest power 
density. The pattern of the plots does not follow that of typical Ragone plots discussed
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in Chapter 5, Section 5.3.5. The results may change if the content of MWNTs in the 
dispersed Cs-POM composite material is lowered.
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Figure 6-23: Ragone Plot of composite MWNT electrodes where the 
energy and power densities were calculated using masses active. 
Numbers on Ragone plot represent the current density.
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6.4. Electrochemical testing of Multiwalled Carbon Nanotube based Composite 
Electrodes
Throughout this chapter a variety of techniques (CV, galvanostatic cycling and BIS) 
have been used to study the ability of MWNT based composite materials to store 
electrical energy. Both CV and galvanostatic cycling show the dispersed Cs-POM 
MWNT electrodes produce the highest specific capacitance. All electrodes showed a 
good stability at low current densities. BIS showed that each test cell produced very 
low Rs values (Z’ axis intercept). The following chapter discusses the results for 
composite vapour grown carbon fibre (VGCF) electrode, with the final chapter 
comparing all materials before drawing conclusions.
203
Chapter 6. Electrochemical Testing of Composite Materials containing MWNTs
6.5. Bibliography
[1] K. Cuentas-Gallegos, R. Martinez-Rosales, M. Baibarac, P. Gomez-Romero and M. E. 
Rincon, Electrochemistry Communications, 2007, 9, 2088-2092.
[2] J. Qu, X. Zou, B. Liu and S. Dong, Analytica Chimica Acta, 2007, 599, 51-57.
[3] D. E. Katsoulis, Chemicai Reviews, 1998, 98, 359-387.
[4] A. M. White and R. C. T. Slade, Eiectrochimica Acta, 2003, 48, 2583-2588.
[5] M. Skunik, M. Chojak, I. A. Rutkowska and P. J. Kulesza, Eiectrochimica Acta, 2008, 53, 
3862-3869.
[6] P. J. Kulesza, M. Skunik, B. Baranowska, K. Miecznikowski, M. Chojak, K. Karnicka, E. 
Frackowiak, F. Béguin, A. Kuhn, M. Delville, B. Starobrzynska and A. Ernst, Eiectrochimica Acta, 
2006, 51, 2373-2379.
[7] A. K. Cuentas-Gallegos, M. Miranda-Hernandez and A. Vargas-Ocampo, Eiectrochimica 
Acta, 2009, 54, 4378-4383.
[8] P. Gomez-Romero and M. Lira-Cantu, Advanced Materiais, 1997, 9 ,144-147.
[9] L. Cheng and J. A. Cox, Eiectrochemistry Communications, 2001, 3, 285-289.
[10] P. Simon and Y. Gogotsi, Nature Materials, 2008, 7, 845-854.
[11] Y. Ju, G. Choi, H. Jung and W. Lee, Eiectrochimica Acta, 2008, 53, 5796-5803.
[12] A. J. Roberts and R. C. T. Slade, Journal of Materials Chemistry, 2010, 20, 3221-3226.
[13] A. J. Roberts and R. C. T. Slade, Eiectrochimica Acta, 2010, 55, 7460-7469.
[14] P. Gomez-Romero, M. Chojak, K. Cuentas-Gallegos, J. A. Asensio, P. J. Kulesza, N. 
Casan-Pastor and M. Lira-Cantu, Eiectrochemistry Communications, 2003, 5,149 - 153.
2 0 4
Chapter 7. Electrochemical Testing of Composite Materials 
containing Vapour Grown Carbon Fibres
7.1. Introduction 206
7.2. Cyclic Voltammetry 206
7.2.1. Assembly of the Supercapacitor Cells 207
7.2.2. Polypyrrole Impregnated Vapour Grown Carbon Fibres 207
7.2.3. Dispersed Polyoxometalate on Vapour Grown Carbon Fibres 208
7.2.4. Vapour Grown Carbon Fibres 209
7.2.5. Comparison of the Vapour Grown Carbon Fibre based Composite Electrodes
211
7.2.6. Summary of Cyclic Voltammetry Results 212
7.3. Galvanostatic cycling with Electrochemical Impedance Spectroscopy 213
7.3.1. Assembly of the Supercapacitor Cells 213
7.3.2. Vapour Grown Carbon Fibres 213
7.3.3. Polypyrrole Impregnated Vapour Grown Carbon Fibres 219
7.3.4. Dispersed Polyoxometalate on Vapour Grown Carbon Fibres 224
7.3.5. Comparison and Summary of Galvanostatic Cycling and Electrochemical
Impedance Spectroscopy 230
7.4. Summary of Electrochemical testing of Vapour Grown Carbon Fibre based
Composite Electrodes 233
7.5. Bibliography 234
Chapter 7. Electrochemical Testing of Composite Materials containing VGCFs
7.1. Introduction
Composite electrodes containing vapour grown carbon fibres (VGCF) were fabricated 
for use in supercapacitors (Chapter 3). To test their ability to store electrical energy a 
range of electrochemical techniques were utilized: (1) cyclic voltammetry (CV), (2) 
galvanostatic cycling and (3) electrochemical impedance spectroscopy (EIS). The 
techniques can be used to study the reversible redox reactions that occur when 
charging and discharging of the supercapacitor test cell, calculate the specific 
capacitance during cycling and studying the series resistance.
The electrodes were fabricated using the filtration method discussed in Chapter 6 , 
Section 6.1. The electrolyte used throughout this study was H2SO4 (aq., 1 mol/dm^).
The electrodes studied throughout Chapter 7 were;
o VGCFs Carbon;
o  polypyrrole (PPy) impregnated VGCFs and 
o  dispersed caesium polyoxometalate (Cs-POM) VGCFs.
All experiments were performed in triplicate, with the specific capacitance (F/g) being 
calculated with respect to the active composite material used in the fabrication of the 
electrode (excluding glass fibre filter paper).
7.2. Cyclic Voltammetry
The electrochemical processes that occur at the electrolyte/electrode phase boundary 
were analysed using CV. This technique also yields information about the capacitance 
of the test cell, the reversibility, redox reactions and mass transportation cycle life. A 
carbon based electrode is expected to exhibit a rectangular plot whereas a composite 
electrode which may also have redox peaks present^^l The composite VGCF 
electrodes fabricated in Chapter 3 should show redox peaks which represent the PM012 
and P2M018 anions and possibly the conducting polymer polypyrrole (PPy).
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7.2.1. Assembly of the Supercapacitor Cells
The test cells were assembled using the method discussed in Chapter 6, Section 6.2.1.
7.2.2. Polypyrrole Impregnated Vapour Grown Carbon Fibres
The PPy impregnated VGCFs were fabricated using PM012/P2M018 and PPy to create 
the composite electrode material (Chapter 3, Section 3.3.2.). Initial electrochemical 
investigations were carried out using CV between potentials -0.3 and 0.6 V versus 
Ag/AgCI(sat) at a range of scan rates between 1 and 100 mV/s. This potential window 
was chosen as it covered the area where redox activity was seen.
The six peaks present in Figure 7-1 cannot be identified conclusively but several 
hypotheses were discussed in Chapter 5, Section 5.2.3. The peaks present could 
represent both the PM012 and P2M018 anions, but instead of seeing three clear peaks, 
these have split into two sets of three representing each anion separately. The redox 
reactions shown in Figures 5-7 and 5-8 describe the reversible processes occurring at 
the electrode surface. Another hypothesis is the presence of a PPy peak at 
approximately 0.5 V, though it has been shown in the literature that these are usually 
masked by heteropolyanion peaks
Normalisation of the CV by scan rate shows that the capacitance is dependent on the 
scan rate as the plots do not superimpose, therefore concluding that the supercapacitor 
test cells containing PPy impregnated VGCF electrodes do not exhibit an ideal 
capacitance (Appendix C, Figure C-12).
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Figure 7-1 : CV of PPy Impregnated VGCF in H2SO4 (aq., 1 mol/dm )^ electrolyte.
7.2.3. Dispersed Polyoxometalate on Vapour Grown Carbon Fibres
The composite dispersed Cs-POM VGCFs were fabricated using caesium chloride and 
PM012/P2M018 anions. CV plots were obtained between potentials -0.3 and 0.6 V versus 
Ag/AgCI(sat) (chosen due the redox activity shown) at a range of scan rates between 1 
and 100 mV/s, with FI2SO4 (aq., 1 mol/dm^) electrolyte.
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Figure 7-2: CV of dispersed Cs-POM VGCF in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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The CV plot (Figure 7-2) showed four faradaic peaks present at 100 mV/s. These 
indicated the presence of reversible redox reactions. Peaks at 0.15 and 0.2 V are very 
close together, partially overlapping. Literature reports discuss CV plots for POMs; they 
differ in the number of peaks present (three or four peaks)^^°l This is discussed in 
further details Chapter 5, Section 5.2.4. At lower scan rates a larger number of peaks 
become clearer. These seven peaks could indicate that there are two sets of peaks 
present, representing:
o PMoi2 anions (3/4 peaks) and 
o P2M018 anions (3 peaks).
Other peaks present may represent functionalization of the carbon, due to the acidic 
POM used during electrode fabrication. This is discussed in further detail in Chapter 5, 
Section 5.2.3.
Normalisation of the CV graphs with respect to scan rate showed that the CV plots 
could not be superimposed (Appendix C, Figure C-13). This indicated that the 
electrodes were dependent upon scan rate.
7.2.4. Vapour Grown Carbon Fibres
The electrochemical properties of the VGCF carbon electrodes were initially analysed 
using CV between potentials -0.3 and 0.6 V versus Ag/AgCI(sat) reference at a range of 
scan rates between 1 and 100 mV/s. This potential window was consistent with that 
used for both the PPy impregnated and Cs-POM electrodes. A  rectangular form was 
seen (Figure 7-3) indicating a reversible capacitative behaviour was occurring that is 
characteristic of a double layer profile, as cited in the literature^^' As the scan rate 
was increased the shape of the CV deviated away from the rectangular form seen at 1 
mV/s. As the scan rate increases there is not as much time available for the double 
layer to form, resulting in a decrease in capacitance.
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Figure 7-3; CV of VGCF carbon electrode in H2SO4 (aq., 1 mol/dm )^ electrolyte.
The CV plots were normalised with regards to scan rate and shown graphically to 
determine whether the plots could be superimposed (Figure 7-4). The results showed 
that although the normalised CV plots were similar in shape and size, they did not 
superimpose, indicating that the response is dependent upon scan rate.
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E vs. sat (Ag/AgCI) (V)
■ 1 mV/s 
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Figure 7-4: Normalisation of the CV by scan rate for VGCFs in H2SO4 (aq., 1 mol/dm )
electrolyte.
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7.2.5. Com parison of the Vapour Grown Carbon Fibre based Com posite Electrodes
The VGCF carbon produced the lowest specific capacitance stabilising at approximately 
5 F/g as the scan rate decreased (Figure 7-5). The dispersed Cs-POM VGCF 
electrodes demonstrated the highest specific capacitance, starting at approximately 5 5  
F/g at 1 mV/s. As the scan rate increased the performance of the electrodes 
deteriorated by approximately 45%, to stabilise at 30 F/g. The PPy impregnated VGCF 
electrodes showed a lower capacitance, starting at 30 F/g, then losing approximately 
6 8 % of its performance as the scan rate increases. This decrease in capacitance was 
due to the Fl^  ions not being able to reach the electrode surface and react in the time 
available.
80
— 60
m 40Q.
•Ü 2 0<ua.
♦  ♦
♦  VGCFs
20 40 60
Scan rate (mV/s)
■  Impregnated VGCFs
80
Dispersed VGCFs
100
Figure 7-5: Specific capacitance values as a function of scan rate for VGCF electrodes in
H2SO4 (aq., 1 mol/dm )^ electrolyte.
To analyse the stability of the electrodes they were cycled at 10 mV/s for 1 0 0 0  cycles 
using H2SO4 (aq., 1 mol/dm^) electrolyte. The VGCF carbon showed a constant 
specific capacitance (4 F/g) over the 1000 cycles. The dispersed VGCFs started with 
the highest specific capacitance (in agreement with Figure 7-5) but with a performance 
loss of 85% over 1000 cycles, dropping to 4 F/g. This is equal to the capacitance 
shown by the VGCFs carbon electrode, indicating the dispersed Cs-POM was no longer 
adding to the capacitance achieved by the electrode. The PPy impregnated VGCFs
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produced an initial specific capacitance that was lower (23 F/g) then the dispersed Cs- 
POM VGCFs. However, throughout cycling the PPy impregnated VGCFs did not show 
such a large loss in performance (65%) with the capacitance dropping to 9 F/g. This 
proved that the PPy impregnated VGCF test cell showed the highest degree of stability 
in regards to the capacitance variation over 1000 cycles.
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Figure 7-6: Evolution of specific capacitance during 1000 CV cycles for VGCF electrodes 
in H2SO4 (aq., 1 mol/dm )^ electrolyte at a scan rate of 10 mV/s.
7.2.6. Summary of Cyclic Voltammetry Results
The dispersed Cs-POM VGCF test cells produced the highest specific capacitance, but 
were not as stable throughout cycling as the PPy impregnated VGCF test cell. After 
cycling 1000 times the capacitance of the dispersed Cs-POM VGCFs had decreased as 
low as the untreated VGCF test cell, showing that degradation had occurred to the 
surface of the electrode. This showed the Cs-POM had separated from the carbon, no 
longer adding to the capacitance.
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7.3. Galvanostatic cycling with Electrochemical Impedance Spectroscopy
The stability of the capacitance produced by a supercapacitor test cell was monitored 
using galvanostatic cycling. The test cells were analysed over thousands of cycles and 
combined with EIS, which provided information on the series resistance (Rs). The cells 
tested throughout this chapter were cycled in a 2-electrode configuration over a 
potential window of 0 to 1 V at a range of current densities (1, 5, 10, 20, 30, 40, 50, 75 
and 100 A/g, referred to the mass of the active material, not including the glass fibre 
support) over 2000 charge/discharge cycles.
EIS was used to measure the series resistance (Rs) of the supercapacitor cell at various 
current densities after 10 galvanostatic cycles, and after various numbers of cycles the 
test cells at 10 A/g. The impedance plots were measured using the frequency range 
0.01 Hz to 1000 kHz with an oscillating amplitude of AC 50 mV.
7.3.1. Assembly of the Supercapacitor Cells
The supercapacitor test cell was assembled using the same method stated in Chapter 
6, Section 6.3.1.
7.3.2. Vapour Grown Carbon Fibres
Galvanostatic cycling was used to determine the stability of the capacitance of a VGCF 
carbon supercapacitor test cell over 2000 cycles. Figure 7-7 demonstrated the 
reversibility of the processes occurring during cycling (as seen by the symmetry of the 
“saw tooth” profile). Figure 7-7 shows three cycles where the voltage is not proportional 
to time indicating the presence of pseudocapacitance. The internal resistance (IR) drop 
seen during cycling was very small, indicating that the resistances occurring within the 
test cell were very small.
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Figure 7-7: Galvanostatic charge/discharge curves of VGCF carbon 
electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
After 2000 cycles the results from the supercapacitor test cells were plotted as shown in 
Figure 7-8. At 1 A/g the capacitance was stable at 7 F/g throughout the 2000 cycles, 
while at 10 A/g an initial increase was seen in the capacitance from 7 to 18 F/g over the 
first 200 cycles. This stabilised at 18 F/g for the remainder of the cycling programme. 
This initial increase in capacitance before stabilization was seen at higher current 
densities, until 100 A/g was reached. At that point the cells tested at 100 A/g did 
stabilise but the fluctuations in capacitance happened over a larger range (25 to 35 
F/g).
The initial increase seen in the specific capacitance at 10 A/g can be attributed to the 
movement of the electrode surface often referred to as a “settling period”. This allows 
further pores to become accessible to the electrolyte, creating a larger surface areas 
and therefore a larger specific capacitance.
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Figure 7-8: Evolution of specific capacitance over 2000 cycles for VGCF carbon In H2SO4 
(aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at various current
densities.
Figure 7-9 shows how the specific capacitance varies during cycling at different current 
densities. After 50 cycles the specific capacitance seemed to be independent of the 
current density as minimal differences were seen. As the cycle number increased the 
pattern changed showing an increase in specific capacitance up to 40 A/g before 
decreasing again. At 30 A/g the specific capacitance decreased drastically. The 
patterns seen in Figure 7-9 were not consistent with those that had been studied in the 
literature, where the specific capacitance decreases as the current density is increased 
(discussed in Chapter 5, Section 5.3.2) ^^^'^^iThe results in this section need to be 
studied further to understand the process that are occurring.
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Figure 7-9: Variation of specific capacitance over current densities of 1 to 100 A/g for 
VGCF carbon in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V
after various numbers of cycling.
EIS was performed on the supercapacitor test cells containing VGCF carbon electrodes 
after completing ten cycles at different current densities. The impedance plots showed 
different domains present at high and low frequencies. At high frequencies the 
intercept with the real (Z’) axis gave the series resistance (Rs) which was low (0.1 ohm). 
The distorted semicircle became clearer as the current density increased as shown by 
the inserts in Figure 7-10. These semi-circles are due to the charge-transfer resistance
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and the double-layer capacitance, and are represented by an RC component (Resistor 
and Capacitor in parallel).
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Figure 7-10: Complex-plane Impedance plots of VGCF carbon electrode after ten 
galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
At low frequencies a “tail” dominates the impedance response describing the diffusion 
occurring within the bulk and pores of the electrode system referred to as a Warburg. 
The components that best describe this equate to a transmission line, discussed in 
further detail in Chapter 5, Section 5.3.2. As the current density increased, the tail of
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the impedance plot tended further towards 90° (with respect to the Z’ axis). But after 20 
A/g, the impedance plots move back towards the Z’ axis showing that the capacitance 
is no longer the dominant feature in the transmission line.
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Figure 7-11 : Complex-plane impedance plots of VGCF carbon electrode cycled at 10 A/g 
in H2SO4 (aq., 1 mol/dm )^ after various numbers of cycles.
EIS was also performed on an assembled supercapacitor test cell after cycling at 10 
A/g with plots being collected after various numbers of cycles (Figure 7-11). Over the 
first 50 cycles the tail moved further towards 90° with respect to the Z  axis, before 
showing a more resistive behaviour up to 1000 cycles. This suggests that over the first
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50 cycles the electrodes in the test cell were “settling”, with the electrolyte taking time to 
penetrate into the pores of the electrode. After 2000 cycles the “tail” tended back again 
towards 90° with respect to the Z ’ axis. Movement of the electrode surface during 
cycling will affect the number of pores that can be accessible by the electrolyte, and 
therefore the capacitance.
7.3.3. Polypyrrole Impregnated Vapour Grown Carbon Fibres
PPy impregnated VGCFs utilises PPy and PM012/P2M018 anions to create the 
composite electrode material. The PPy impregnated VGCF electrodes were analysed 
using galvanostatic cycling at different current densities (2000 cycles). The “saw tooth” 
profiles produced show the reversibility of the supercapacitor test cells as shown in 
Figure 7-12, by the symmetry of the profile.
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Figure 7-12: Galvanostatic charge/discharge curves of PPy impregnated VGCF carbon 
electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
A very large IR drop was seen in Figure 7-12 indicating that the internal resistances 
were very large within the cell. This could be due to the surface of the electrode not 
achieving a good contact between the electrode and current collector, therefore 
increasing the resistance within the cell, or that the electrolyte had not managed to
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access many pores at the surface of the electrode, increasing the resistance. Images 
of the electrodes shown in Chapter 4, Section 4.4 show the surface of the electrode to 
be uneven due to the bundles of VGCFs not separating when sonicated. If this is the 
case for all composite VGCF electrodes, the internal resistances will be high. Also the 
many components that make up the electrodes (PPy, PM01 2 , P2M018 and VGCFs) will 
have different time constants which will attribute to the internal resistances within the 
cell.
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The evolution of the specific capacitance with respect to the current density is shown in 
Figure 7-13. At 1 A/g specific capacitance showed to be stable at 10 F/g during the 
2000 cycles. At 10 A/g a steady increase is shown in the capacitance throughout 
cycling from 9 to 19 F/g, with a similar pattern being shown at 50 A/g.
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Figure 7-14: Variation of specific capacitance over current densities of 1 to 100 A/g for 
PPy impregnation VGCF carbon in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential 
window of 0 to 1 V after various numbers of cycling.
At 100 A/g the capacitance takes a while to settle, increasing over the first 400 cycles 
before decreasing and stabilising at approximately 19 F/g. The decrease in specific
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capacitance could be due to a shift in capacitance if the bundles of carbon fibres moved 
at all during cycling.
When studying how specific capacitance varied during cycling at different current 
densities the patterns did not show any similarities to those citied in the literature^^^'^^l 
If the graphs showed similar results to those in the literature the specific capacitance 
would decrease as the current density increased. This was not seen, and there were 
many increases/decreases in specific capacitance during cycling, with the highest 
specific capacitance being produced using a current density of 40 A/g.
EIS was performed on the asymmetric test cells containing PPy impregnated VGCF 
electrodes after completing ten cycles at different current densities. Fligh frequency 
distorted semi-circles were seen in the impedance plots (Figure 7-15, insert). These 
semi-circles represent the charge-transfer resistance and double layer capacitance. 
The intercept of the semi-circle with the real (Z’) axis gives the series resistance (Rs). 
At all current densities the Rg was low (< 0.5 ohms).
At low frequencies a Warburg “tail” dominates the impedance plots. This tail describes 
the processes occurring at the surface of the electrode, involving diffusion within the 
bulk and pores of the electrode system. The equivalent circuit component that best 
describes this is a transmission line, consisting of resistors and capacitors. The 
transmission line is described in further detail Chapter 5, Section 5.3.2. At all current 
densities the plots are very similar tending towards 90° with respect the T  axis. At 100 
A/g the “tail” tends back towards the Z ’ axis, indicating the capacitative components of 
the transmission line are no longer as dominant in the electrode pores.
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Figure 7-15: Complex-plane impedance plots of impregnated VGCF electrode after ten 
galvanostatic cycles in H2SO4 (aq., 1 mol/dm )^ electrolyte at various current densities.
EIS was also performed on an asymmetric test cell after cycling at 10 A/g with plots 
being collected at various points in cycling. The high frequency semi-circle was seen in 
the insert in Figure 7-16 showing the charge-transfer resistance and double-layer 
capacitance. The low frequency “tails” were similar after different numbers of cycles, 
showing that there were not changes to the surface of the electrode during cycling.
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Figure 7-16: Complex-plane impedance plots of PPy impregnated VGCF electrode cycled 
at 10 A/g in H2SO4 (aq., 1 mol/dm )^ after various numbers of points.
7.3.4. Dispersed Polyoxometalate on Vapour Grown Carbon Fibres
Dispersed Cs-POM VGCFs were fabricated using PM012/P2M018 anions and caesium 
chloride. They were cycled galvanostatically at a range of current densities over 2000 
cycles. Figure 7-17, shows three consecutive cycles showing typical “saw tooth” 
shapes indicative of reversible reactions. The IR drop is evident, and was smaller than 
that seen previously for the PPy impregnated VGCF test cell. This suggests that the
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internal resistances were fairly high compared to the MWNT/Super P (Li) based 
electrodes, creating a rapid decrease in the potential on initial discharge. Again these 
internal resistances will also be attributed to by the different time constants of the 
electrode components (CS-PM01 2 , CS-P2M018 and VGCFs) creating an IR drop that 
cannot be fully analysed.
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Figure 7-17: Galvanostatic charge/discharge curves of dispersed Cs-POM VGCF carbon 
electrodes at 5 A/g over three cycles (500, 501 and 502 cycles).
The electrolyte used was H2SO4 (aq., 1 mol/dm )^.
Figure 7-18 shows the evolution of the specific capacitance with respect to the current 
density. At 1 A/g the specific capacitance was stable at 25 F/g, and stayed stable at 
higher current densities though a settling period was added in for the electrodes. At 
higher current densities it took longer for the electrodes to settle and become stable 
during cycling. As the current density increases the time for one cycle decreases, 
therefore more cycles have occurred or even finished before the electrode has even 
settled.
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Figure 7-18: Evolution of specific capacitance over 2000 cycles for dispersed Cs-POM 
VGCF in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window of 0 to 1 V at
various current densities.
The specific capacitance was analysed with respect to current density at different points 
of cycling (Figure 7-19). At early stages of cycling (50, 200 and 1000 cycles) the 
specific capacitance generally decreased or stayed stable as the current density 
increases with the exception of 10 A/g. After 2000 cycles, the capacitance initially 
increased as the current density increased. As the current density increased there is 
less time for the ions (H^) in the electrolyte to reach the surface of the electrode and
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react, therefore decreasing the capacitance.
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Variation of specific capacitance over current densities of 1 to 100 A/g for 
POM VGCF in H2SO4 (aq., 1 mol/dm )^ electrolyte through a potential window 
of 0 to 1 V at various numbers of cycles.
EIS was performed on the test cells at different current densities after ten galvanostatic 
cycles (Figure 7-20). At high frequency the Rs is low (approximately 0.2 ohm), while it 
is hard to tell whether a high frequency semi-circle is present. The low frequency “tail” 
representing a Warburg element (using a transmission to describe the different
227
C hapter 7. Electrochemical Testing of Com posite M aterials containing V G C Fs
components) (discussed Chapter 5, Section 5.3.2.) is similar at all current densities, as 
it tends towards 90° with respect to the Z’ axis, with the exception of 100 A/g. At 100 
A/g, the “tail” tends back towards the Z’ axis, showing that the pore is being dominated 
by the resistors in the transmission line, rather than capacitors.
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Figure 7-20: Complex-plane impedance plots of dispersed Cs-POM VGCF electrode after 
ten galvanostatic cycles in H2SO4 (aq. 1 mol/dm )^ electrolyte at various current densities.
EIS was also used to study the impedance during cycling at 10 A/g (Figure 7-21 ). At up 
to 100 cycles the impedance plots could almost be superimposed. At 500 cycles the 
“tail” tends back towards the Z’ axis, but after 1000 cycles it reversed towards 90° (with
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respect to the Z’ axis), and at 2000 cycles the “tail” could be superimposed over the 
impedance plots at lower cycle numbers (1 to 100 cycles). This indicates changes are 
occurring to the electrode surface, movement of the electrode surface could alter the 
accessibility of the pores.
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Figure 7-21 : Complex-plane Impedance plots of dispersed Cs-POM VGCF electrode 
cycled at 10 A/g In H2SO4 (aq., 1 mol/dm )^ after various numbers of cycles.
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7.3.5. Comparison and Summary of Galvanostatic Cycling and Electrochemical 
Impedance Spectroscopy
Galvanostatic cycling has been used to test the stability of the electrodes when placed 
in a supercapacitor test cell. The test cells for all three types of electrode (carbon, 
impregnated and dispersed Cs-POM electrodes) showed different degrees of stability, 
at different current densities. The test cells were compared at 10 A/g over 2000 cycles. 
The highest capacitance was achieved by the dispersed Cs-POM VGCF test cell 
(stable at approximately 23 ± 2  F/g). The PPy impregnated VGCF did not stabilise at all 
during cycling increasing in capacitance from 9 to 19 F/g. The VGCF carbon test cell 
also produced capacitance values which increased with cycling, with similar values to 
the PPy impregnated VGCF.
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Figure 7-22: Evolution of specific capacitance over 2000 cycles for composite VGCF 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g.
These composite materials showed the lowest degree of interaction with the POM 
anions; this will limit the capacitances produced by the composite electrodes. By not
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functionalising the VGCFs there were not enough functional groups on the surface of 
the fibres to interact with the POM. This left the VGCFs to be oxidised in the acidic 
electrolyte during cycling of the VGCF based composite electrodes.
Ragone plots were used to compare the energy and power density produced by the 
supercapacitor test cells containing the VGCF based composite electrodes (Figure 
7-23). In the literature, typical Ragone plots show that as the current density increases, 
the energy density and thus the power density decrease, accounted for by an increase 
in internal losses The energy and power densities studied for the VGCF based 
composite electrodes do not follow this pattern. As the current densities increase the 
power and energy densities increase as well. This could indicate these materials are 
most suitable for load-levelling devices that function at higher current densities where a 
boost of power is needed or that the material is changing substantially.
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Figure 7-23: Ragone Plot of composite VGCF electrodes where the 
energy and power densities were calculated using masses active. 
Numbers on Ragone plot represent the current density.
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7.4. Summary of Electrochemical testing of Vapour Grown Carbon Fibre based 
Composite Electrodes
The overall specific capacitances of the composite VGCF electrodes were much lower 
than those of the composite based Super P (Li) and MWNT electrodes. The surface 
areas of the tubes/fibres/particles are all very different. The VGCFs are larger, therefore 
creating an electrode which may not have as large an area accessible pores compared 
to the other carbon composite electrodes.
In Chapter 3, the elemental composition of each composite electrode was discussed. 
The composite VGCF electrodes had by far the highest percentage of carbon present 
showing that the polyoxometalate (POM) only reacted in small concentrations with the 
surface of the VGCFs. To increase the interaction between the POM and VGCFs, the 
carbon (VGCFs) should be functionalised using the same method as for the MWNTs 
(discussed in Chapter 3, Section 3.3.1.1.).
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Chapter 8. Comparison of Composite Electrodes and Conclusions
8.1. Overview
This research has focused on producing a range of composite electrodes for use in 
supercapacitors utilising both electrochemical double-layer capacitance (EDLC) and 
pseudocapacitance. A supercapacitor is an electrical energy storage (ESS) device and 
is classed as an electrochemical system. The storage of energy is crucial for the future 
supply of continuous electricity to consumers; this is due to variable and fluctuating 
renewable energy sources (RES), which are weather and climate dependent.
Three methods of fabrication were used when creating composite materials for use in a 
supercapacitor, as discussed in Chapter 3. The first involved impregnating carbon 
cloths/papers with a polyoxometalate (POM), before vapour coating with pyrrole to 
create a polypyrrole (PPy) skin across the surface of the carbon (Chapter 3, 
Section 3.2). The second method again impregnated carbons with a POM and then a 
conducting polymer (PPy), but for these electrodes carbon tubes, fibres and powders 
were used (Chapter 3, Section 3.3). The third and final method dispersed the carbon 
tubes/fibres/powders in a solution of POM before adding caesium chloride (Chapter 3, 
Section 3.4). The caesium was used to make the POM insoluble creating a Cs-POM.
The conducting polymer used for fabrication of composite materials was chosen due to 
its ability to conduct an electric current, and the cheaper cost compared to metal oxides 
(e.g. ruthenium oxide). The POM acts as a dopant within the conducting polymer, 
increasing its conductivity (both electronic and ionic). In the case of the dispersed Cs- 
POM (where a conducting polymer is not used) the Cs-POM should aid in increasing 
the energy density of the electrodes. The carbons used throughout this study were:
o carbon papers (Toray carbon paper and Optimat® carbon veil); 
o carbon cloths (MAST C-Tex 20, light carbon silk and carbon felt); 
o multiwalled carbon nanotubes (MWNTs) (Nanocyl); 
o vapour grown carbon fibres (VGCFs) (Morganite) and 
o Super P (Li) (Timcal).
236
Chapter 8. Comparison of Composite Electrodes and Conclusions
8.2. Comparison of Composite Electrodes
The carbon cloths/papers showed varied results after coating with PPy using vapour 
transportation. The degree of coating achieved depended on the amount of carbon 
fibres present in the cloth/paper for the PPy to adhere to, and the weave used to 
produce the cloth/paper. For example, the C-Tex 20 cloth had a complex knitted weave 
which did not provide a surface flat enough to create a “skin-like” coating of PPy across, 
whereas the Optimat® carbon veil did not comprise of enough carbon fibres to support 
the growth of the PPy skin (Chapter 3, Sections 3.2.2. and 3.2.3.). The only cloth/paper 
which produced a complete coating, which could have been used in a supercapacitor, 
was the Toray carbon paper (TCP) (Chapter 3, Section 3.2.1.). As Toray carbon paper 
has previously been investigated by other research groups, it was however decided to 
complete no further work on these electrodes during this project^^'^l
The PPy impregnated and dispersed Cs-POM composite materials showed different 
ratios of carbon to molybdenum present (Chapter 3, Sections 3.3. and 3.4.). The 
VGCFs barely interacted with the POM, leaving the percentage of carbon very high 
(PPy impregnated VGCF -  94% and dispersed Cs-POM VGCF 87%). The MWNT and 
Super P (Li) composite materials have much lower percentages of carbon present, 
showing a larger interaction with the POM solution.
The PPy impregnated and dispersed Cs-POM electrodes were studied using cyclic 
voltammetry (CV), galvanostatic cycling and electrochemical impedance spectroscopy 
(EIS) (Chapters 5, 6  and 7). These techniques provided information on the processes 
occurring at the electrolyte/electrode interface (e.g. redox reactions), allowing the 
specific capacitance, specific power and specific energy to be calculated and analysis 
of the contributing resistances within the test cell.
CV showed that there were many redox reactions occurring when the electrodes were 
cycled through a potential window of 0 to 1 V. The CV plots often showed up to seven 
peaks present, indicating that there were possibly two heteropolyanions in the 
electrodes (a Keggin anion and a Dawson anion) each having a set of three peaks 
representing the redox processes they underwent during cycling. These reactions are
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discussed in Chapter 5, Section 5.2.3. The presence of both the Keggin and Dawson 
anions is consistent with the elemental analysis results achieved in Chapter 3, using 
ICP-OES analysis to characterise the composite materials. The ratio of phosphorus to 
molybdenum was expected to be 1 :1 2 , but the calculated ratios showed less 
molybdenum to be present, indicating a mixture of the Keggin and Dawson structures to 
be present in the composite materials. Possible additional CV peaks were identified 
that may represent the redox reactions undergone by the polypyrrole in the PPy 
impregnated electrodes however these were often masked by the POM peaks 
(Chapter 5, Section 5.2.3.).
Galvanostatic cycling was used to study the specific capacitance produced by the 
supercapacitor test cells, and the stability of the capacitance throughout cycling. The 
composite electrodes showed higher capacitances than their equivalent untreated 
carbon (MWNT, VGCF or Super P (Li)), except for the PPy impregnated VGCF 
electrodes which showed lower capacitances. The capacitance of the PPy impregnated 
VGCF electrodes increased throughout cycling, and this was attributed to the 
functionalization of the VGCFs during cycling (Chapter 7, Section 7.3.3.). EIS proved 
that the values for the series resistance (Rs) were low, whilst at low frequencies the 
impedance plots were dominated by a Warburg like tail. This represented diffusion of 
the ions (from the electrolyte) within the pores and bulk material of the electrode. This 
can be modelled by a transmission line, but due to the complex nature of these systems 
a model of the equivalent circuit could not be produced (Chapter 5, Section 5 .3 .2 ).
The galvanostatic results have so far only been used to compare the results of specific 
carbons (Chapter 5 -  Super P (Li), Chapter 6  -  MWNTs and Chapter 7 - VGCFs). 
Flowever, these results can also be used to compare the composite electrodes (plain 
carbon electrodes, PPy impregnated electrodes and dispersed Cs-POM electrodes) 
across the range of different carbons tested.
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However the results are not strictly comparable as different methods (Chapter 4) were 
used during the electrode preparation:
o Spray coated steel electrodes (Super P Li based electrodes + 5% binder) and 
o Glass fibre filter paper supported electrodes (MWNT and VGCF based 
electrodes, no binder).
The binder used may alter the true capacitance of the material as it will add extra 
components to the equivalent circuit (e.g. further resistance). The current density (A/g) 
and the specific capacitance (F/g) were calculated with respect to the active material 
(carbon based composite).
Comparison of the electrodes occurred using galvanostatic cycling (2000 cycles), at 10 
A/g in H2SO4 (aq., 1 mol/dm^) electrolyte. All graphical representation of the data can 
be seen in Appendix D.
8 .2 .1 . Untreated Carbon Electrodes
The carbon electrodes were studied, comparing the calculated specific capacitance and 
stability over 2000 cycles (Appendix D, Figure D-1). The highest capacitance was 
achieved by the MWNTs stabilising at approximately 32 F/g after an initial increase. 
The VGCF electrodes also showed a similar pattern but with a lower capacitance (17 
F/g). Super P (Li) electrodes produced the lowest specific capacitances for the carbon 
electrode at 7 F/g. The Super P (Li) electrode settled more quickly than the 
VGCF/MWNT electrodes (MWNT/VGCF electrodes initially increased in capacitance). 
The initial increase witnessed for the VGCF/MWNT could be due to a conditioning 
period where the electrolyte gradually moves through the network of pores further into 
the bulk of the electrode.
The Ragone plot (Appendix D, Figure D-4) indicated that the highest power density 
was produced by the Super P (Li) at 100 A/g, whereas the highest energy density is 
produced by the MWNTs charged at 75 A/g. As the charging current density increases 
the energy and power densities increase.
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8.2.2. Polypyrrole Impregnated Carbon Electrodes
The PPy impregnated Super P (Li) and MWNT electrodes showed similar capacitances 
(Appendix D, Figure D-2). The highest specific capacitance was produced using PPy 
impregnated Super P (Li) electrodes, with an initial capacitance of 52 F/g. This rapidly 
decreased over the first 200 cycles to approximately 28 F/g, showing a performance 
loss of 46%. The PPy impregnated MWNT test cell showed stability of specific 
capacitance at approximately 40 F/g throughout cycling. The lowest capacitance was 
achieved by the PPy impregnated VGCF with an initial capacitance of 7 F/g increasing 
to 20 F/g during cycling.
The Ragone plot showed that the PPy impregnated MWNT provided the highest energy 
and power densities which increased as the charging current density increased 
(Appendix D, Figure D-5). The specific energy and power for the PPy impregnated 
VGCFs showed similar values to PPy impregnated MWNTs, with PPy impregnated 
Super P (Li) showing the lowest values.
8.2.3. Dispersed Polyoxometalate Carbon Electrodes
The dispersed Cs-POM Super P (Li) and MWNT test cells produced similar specific 
capacitances throughout cycling (Appendix D, Figure D-3). The dispersed Cs-POM 
Super P (Li) showed the highest initial capacitance at 95 F/g before it decreased to 
approximately 80 F/g over the first 100 cycles, before decreasing slowly to 70 F/g over 
the remaining cycles. The dispersed Cs-POM MWNT showed no real loss in 
capacitance stabilising around 80 F/g. The dispersed Cs-POM VGCF electrodes 
showed much lower capacitances, at approximately 20 F/g throughout cycling; this 
could be due to the high ratio of carbon compared to Cs-POM, with lack of 
functionalization creating oxygen containing moieties.
The Ragone plot showed that the highest specific power was achieved by the dispersed 
Cs-POM VGCF test cell (Appendix D, Figure D-6). Overall though the highest specific 
energy and power was achieved by the dispersed Cs-POM MWNT test cell.
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8.3. Summary
Throughout this study the VGCF based composite materials have continually produced 
the lowest capacitance when testing electrochemically. The ratio of carbon to POM 
was very high for both the PPy impregnated and dispersed Cs-POM VGCF composite 
materials. The interaction between the VGOFs and POM can be increased by 
functionalising the VGCFs, thereby increasing the oxygen containing moieties at the 
electrode surface. The low capacitance may also be attributed to by the morphology 
and dimensions of the carbon fibre bundles.
Throughout electrochemical testing it became clear that the highest capacitance was 
always produced by the dispersed Cs-POM composite materials with specific 
capacitances up to 80 F/g (dispersed Cs-POM MWNT) and approximately 70 F/g for 
dispersed Cs-POM Super P (Li). When studying the specific power and specific energy 
densities, the MWNT composite materials always produced the highest specific energy 
and power densities.
Overall the MWNT composite electrodes produced the most promising results 
(calculated specific capacitance and stability), but the Super P (Li) electrodes generally 
showing slightly lower specific capacitances. Super P (Li) is a carbon black that has a 
much lower production cost than MWNTs and therefore would be more economical in 
the production of supercapacitor electrodes. If the Super P (Li) composite based 
electrodes could be optimised (lower ratio of carbon, electrode films that do not need a 
support or binder), they could play an important role in the development of electrode 
materials for marketable supercapacitors.
8.4. Advances Relative to Existing Literature
Prior to this research, work had been completed on using conducting polymers with a 
dopant to create composite electrodes for supercapacitors. The most widely used 
carbon was MWNTs, and for polypyrrole based electrodes iron chloride was commonly 
used as a catalyst/dopant. Khomenko et al. reported values of up to 200 F/g for
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symmetric test cells when analysed using galvanostatic cycling using the potential 
window of 0 to 0.6 Though the results produced in this project were lower when 
exchanging the iron chloride for the POM, the ratio of PPy/POM to carbon can be 
further optimised to increase the capacitance and the carbon can be changed to Super 
P (Li) creating a more economically viable supercapacitor with a comparable 
capacitance to that of the MWNT composite electrodes.
Work at also been published on electrodes using POM molecules which have been 
reacted with caesium chloride to create an insoluble molecule. Cuentas-Gallegos 
produced composite electrodes using MWNT, that when tested using galvanostatic 
cycling at 1 A/g produced capacitances up to 40 F/g. These results are lower than 
those produced during this project (50 to 60 F/g at 1 A/g -  MWNT and approximately 50 
F/g at 1 A/g -  Super P (Li))^ '^®^ .
Much research is still being completed into the capacitive properties of conducting 
polymers to create electrodes, but new materials are always being investigated and 
developments achieved.
8.5. Future Work
After studying all the results recorded in this research there is still much more work that 
could be completed in this field to create supercapacitors that produce a high specific 
capacitance, with low initial decreases in capacitance, that have both high specific 
power and energy densities.
A key point to starting any future work would be to lower the ratio of carbon to POM for 
both the PPy impregnated and the dispersed Cs-POM composite materials. This could 
be achieved by increasing the number of oxygen containing moieties on the surface of 
the carbons (MWNTs, VGCFs and Super P (Li)). Throughout this project nitric acid 
(aq., 1 mol/dm®) was used to functionalise the MWNTs. To functionalise the carbons 
further, they could be subjected to different oxidising treatments. These could involve;
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o 2.5 mol/dm® nitric acid (increase in concentration);
o 2.5 mol/dm® nitric acid and 0.5 mol/dm® sulphuric acid (mixture of acids) or
o 2.5 mol/dm® sulphuric acid (new acid to functionalise carbons).
By increasing the number of oxygen-containing moieties at the surface of the carbon 
there would be more sites for the POM to interact with, increasing the ratio of POM to 
carbon, therefore increasing the capacitance. Other ways to increase the capacitance 
could involve alterations to the electrode films and their method of fabrication and the 
electrolyte used in the test cells during electrochemical testing.
Another area where changes could occur is the method used to fabricate the 
electrodes. This research has highlighted the fact that different carbons need different 
methods to create electrodes, in this case both were supported. This means that 
though comparisons are made between the data they can not be strictly conclusive. 
For instance Super P (Li) electrodes used a binder to create a film which could causes 
extra resistances in the supercapacitor test cells whereas the MWNT/VGCF electrodes 
did not.
Zhao et al. have created unsupported thin film electrodes for high performance 
perfluoro alkoxy (PFA) and chemical vapour deposition-grown multiwalled carbon 
nanotube composite films, using atmospheric spray deposition, with the thickness of the 
film being controlled^'^l This is a method which could be applied to creating thin films 
using the composite materials fabricated throughout this research. If the electrode films 
are created using the same fabrication methods the results will be directly comparable. 
The electrodes are created using a MWNT suspension which is mixed with the PFA 
dispersion and sonicated before being sprayed onto a preheated glass substrate^l The 
dispersions are delivered to a spray nozzle via a hypodermic needle by a syringe pump 
and atomized into droplets by an atomizing nozzle operating with compressed air at 
140 kPa. The glass substrate sits on a heated table that moves in the x-y plane 
according to a pre-programmed path. The atomised droplets form a film on the glass 
that can be built up with repeated coatings.
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Alterations can be made to composite materials (decrease in carbon content), the 
composite electrodes (one method to fabricate all electrodes) and also to conditions in 
the supercapacitor test cells. When testing the electrodes in the supercapacitor test cell 
the electrolyte used was sulphuric acid (aq., 1 mol/dm®). The only other electrolyte 
tested was NaHS0 4 . To optimise the test cells and results achieved a variety of 
electrolytes could be tested, varying in concentration. Examples of electrolytes which 
could be tested are Nation® polymer creating an all-solid-state supercapacitor, or 
complexes of polyvinyl alcohol (PVA) with orthophosphoric acid in the form of a thin 
film^^°l These electrolytes could improve the performance of the test cells producing a 
higher specific capacitance and higher specific powers and energies.
The last two improvements (electrode fabrication and new electrolyte) can be 
combined. Nation® polymer is a sulphonated tetrafluoroethylene based fluoropolymer- 
copolymer (PFSA) similar to the PFA used by Zhao et al. By incorporating Nation® 
polymer into the electrode the capacitance could be improved by lowering the 
resistances in the cell and increasing the amount of solid electrolyte within the 
composite material.
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Appendix A. Conductivity of Composite Materials
A.1. Vapour Coated Carbon Cloths and Papers
The carbon cloths/papers were coated in polypyrrole (PPy) using vapour transportation. 
They were tested for their ability to conduct an electric current. The results are shown 
in the following graphs. These results were discussed in Chapter 3.
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Figure A-1 : Conductivity of (A) carbon cloths/papers and (B) PPy coated carbon cloths.
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A.2. Polypyrrole Impregnated Composite Carbons
The carbons (multiwalled carbon nanotubes, vapour grown carbon fibres and Super P 
(Li)) were impregnated with PPy. The composite materials were tested for their ability 
to conduct an electric current. These results were discussed in Chapter 3.
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Figure A-2: Conductivity of (A) untreated carbons and 
(B) PPy impregnated carbon composites.
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A.3. Dispersed Poiyoxometalate Composite Carbons
The carbons (multiwalled carbon nanotubes, vapour grown carbon fibres and Super P 
(Li)) were dispersed in polyoxometalates which are anchored to caesium (Cs-POM) to 
make them insoluble. The composite materials were tested for their ability to conduct 
an electric current. These results were discussed in Chapter 3.
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Figure A-3: Conductivity of dispersed Cs-POM carbon composites.
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Appendix B. Electrochemistry of Darco G60
Cyclic voltammetry was used to analyse Darco G60 electrodes. Electrochemical 
investigations were carried out using CV between potentials -0.2 and 0.8 V vs. 
Ag/AgCI(sat) over a range of scan rates between 1 and 100 mV/s.
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Figure B-1 : CV of Darco G60 in H2SO4 (aq., 1 mol/dm )^ eiectrolyte.
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Figure B-2: Normalisation of the CV by scan rate for Darco G60 in H2SO4 (aq., 1 mol/dm^)
electrolyte.
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Figure B-3: Specific capacitance values as a function of scan rate for Darco G60 in H2SO4
(aq., 1 moi/dm )^ eiectrolyte.
Darco G60 was cycled 1000 times to monitor the stability of the capacitance between 
potentials -0 .2  and 0.8  V vs. Ag/AgCI(sat) at a scan rate of 10 mV/s.
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Figure B-4: CV of Darco G60 in H2SO4 (aq. 1 mol/dm^) electrolyte over 
1000 cycles at 10 mV/s.
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Cycle Number
Figure B-5: Evolution of specific capacitance during 1000 CV cycles for Darco G60 in 
H2SO4 (aq. 1 moi/dm )^ electrolyte at a scan rate of 10 mV/s.
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Appendix C. Normalised Cyclic Voltammogram of 
Composite Materials
For an ideal capacitor, normalised CV curves with respect to scan rate superimpose, 
indicating that the capacitance does not depend on the scan rate. The following graphs 
show whether the composite electrodes produced during this study create ideal 
capacitors.
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Figure C-1 : Normalisation of the CV by scan rate for Super P (Li) 
in NaHS0 4  (aq., 1 mol/dm )^ electrolyte.
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Figure C-5: Normalisation of the CV by scan rate for PPy impregnated 
Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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Figure C-6 : Normalisation of the CV by scan rate for dispersed Cs-POM 
Super P (Li) in NaHS0 4  (aq., 1 mol/dm )^ electrolyte.
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Figure C-7: Normalisation of the CV by scan rate for dispersed Cs-POM 
Super P (Li) in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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C.2. Multiwalled Carbon Nanotubes based Com posites
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Figure C-8 : Normalisation of the CV by scan rate for MWNT 
in H2SO4 (aq., 1 mol/dm )^ electroiyte.
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Figure C-9: Normaiisation of the CV by scan rate for PPy impregnated 
MWNT in H2SO4 (aq,, 1 moi/dm )^ eiectrolyte.
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Figure C-10: Normalisation of the CV by scan rate for dispersed PPy 
MWNT in H2SO4 (aq., 1 mol/dm )^ electrolyte.
0.3. Vapour Grown Carbon Fibre based Com posites
■DOJ
0.02
0.01
0.00
-0.01
iiipif iim ......
. ..A
-0.02 -
-0.3
■ 1 mV/s 
•50 mV/s
-0.1 0.1 0.3 0.5
E vs. sat (Ag/AgCI) (V)
■5 mV/s 
75 mV/s
10 mV/s 
100 mV/s
0.7
■ 25 mV/s
Figure C-11 : Normalisation of the CV by scan rate for VGCFs 
in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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Figure 0-12: Normalisation of the CV by scan rate for PPy impregnated 
VGCFs in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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Figure C-13: Normalisation of the CV by scan rate for dispersed Cs-POM 
VGCFs in H2SO4 (aq., 1 mol/dm )^ electrolyte.
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Appendix D. Comparison of Composite Electrodes using 
Galvanostatic Cycling
Appendix D contains the data that are used to compare each type of electrode 
fabricated during this research and discussed in Chapter 8 , Section 8.2. The data were 
obtained using galvanostatic cycling over 2000 cycles using a current density of 10 A/g. 
The electrolyte used throughout was H2SO4 (aq., 1 mol/dm^). The specific capacitance, 
specific power and specific energy were calculated with respect to the active material 
(carbon based composite material). The electrodes compared were:
o Super P (Li) Carbon;
o polypyrrole (PPy) impregnated Super P (Li) and 
o dispersed caesium poiyoxometalate (Cs-POM) Super P (Li).
D.1. Stability of Specific Capacitance during Cycling
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Figure D-1 : Evolution of specific capacitance over 2000 cycles for untreated carbon 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g,
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Figure D-2: Evolution of specific capacitance over 2000 cycles for PPy impregnated 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g.
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Figure D-3: Evolution of specific capacitance over 2000 cycles for dispersed Cs-POM 
electrodes in H2SO4 (aq., 1 mol/dm )^ electrolyte at a current density of 10 A/g.
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D.2. Ragone Plots
Ragone plots are graphs which relate the power density of the supercapacitor test cells 
to the available energy density.
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Figure D-4: Ragone plot showing the specific power and energy densities of the untreated 
carbon electrodes (Blue -  Super P (Li), Red -  MWNTs and Green -  VGCFs).
The numbers on the plots at each point represent the current density.
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Figure D-5: Ragone plot showing the specific power and energy densities of the PPy 
impregnated electrodes (Blue -  Super P (Li), Red -  MWNTs and Green -  VGCFs). 
The numbers on the plots at each point represent the current density.
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Figure D-6: Ragone plot showing the specific power and energy densities of the 
dispersed Cs-POM electrodes (Blue -  Super P (Li), Red -  MWNTs and Green -  VGCFs).
262
